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ABSTRACT 
 
A family of E. coli - P. ruminis shuttle-plasmids was constructed to allow the isolation 
and characterization of gene promoters from the rumen bacterium P. ruminis. The 
promoter rescue plasmid pBK was used to isolate a total of 4 genomic DNA fragments 
that promoted transcription in P. ruminis strains 0/10. These promoters, and an 
additional promoter, previously isolated from P. ruminis strain OR38 (Schoep, 1999), 
were identified by their ability to initiate expression of a promoterless ermAM gene in 
P. ruminis. Within 4 of the fragments, a total of 5 transcription start sites were identified 
in P. ruminis using a novel, fluorescent-primer extension analysis protocol. Comparison 
of promoters isolated in this and previous studies revealed a strong consensus RNA 
polymerase DNA-binding motif, including the well characterized –35 and –10 elements. 
Consensus sequences established for these elements were: TTgacA and AtAATAta 
respectively, where bold upper-case font, regular upper-case, and lower-case fonts 
represent conservation in 100%, 80%, and 70% of promoters respectively. The −10 and 
−35 motifs were interspaced by 16 – 18 nt. Among the newly identified promoters, the 
consensus for the –10 element was extended one nucleotide upstream and downstream 
of the standard hexamer (boxed). These motifs were similar to those recognized by 
eubacterial RNA polymerase containing the σ
70-like factor. Promoters also contained 
possible UP elements, and were significantly more curved than protein-coding regions. 
Additional plasmid vectors were constructed, to allow the use of both the quantitative 
SYBR green real time PCR and ß-glucuronidase assays, to examine 4 promoters in 
depth. This showed a wide range of promoter strengths within the group. However, no 
correlation was found between the composition and context of elements within P. 
ruminis promoters, and promoter strength. A mutation within the –35 element of one 
promoter revealed that promoter strength, and the choice of transcription start site were 
both sensitive to single nucleotide changes.  
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Chapter 1 : General Introduction 
 
1.1 Biology and Molecular Biology of P. ruminis and 
Closely Related Species 
The rumen is a sac at the start of a ruminant animal's digestive tract, containing a variety 
of micro-organisms: bacteria, fungi and protozoa, which are responsible for degrading 
the major components of plant tissue: cellulose, hemicellulose, pectin and lignin 
(Hungate, 1966; Preston and Leng, 1987). Animals use these compounds, in their 
degraded form, principally as carbohydrate sources. Rumen microbes also perform a 
number of additional functions, such as the detoxification of secondary plant 
metabolites that would normally poison monogastric animals (Culvenor, 1987).  
 
Demand for the genetic manipulation of rumen bacteria has primarily arisen from an 
interest in increasing the energy and mass gains of animals from the plant material 
consumed. Grazing ruminant animals obtain their energy and mass gain from forage 
plants, but may digest less than 50% of poor quality forages (van Soest, 1982; Abreu, 
1994). Experiments involving the supplementation of hay-fed ruminants with 
exogenous xylanase and cellulase resulted in these animals gaining additional weight 
(Beauchemin et al., 1995). Therefore it has been proposed that the genetic manipulation 
of rumen micro-organisms, to increase the expression of fibrolytic enzymes in vivo, 
may be a means of increasing the efficiency of feed digestion by ruminants (Smith and 
Hespell, 1983; Teather, 1985; Gregg et al., 1987; Rogers, 1990).  
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In addition to increasing the production of fibrolytic enzymes, other examples where 
expression of novel genes by rumen bacteria could enhance an animal's growth, survival 
or productivity include:  
•  insertion of storage-protein genes into rumen bacteria, to enhance the absorption of 
essential amino acids by the animal (Teather, 1985; Brooker et al., 1989), 
•  insertion of biological control agent genes into rumen bacteria, either to protect the 
host against parasites or to reduce populations of selected micro-organisms in the 
rumen (Teather, 1985; Teather and Forster, 1998), 
•  insertion of novel genes into rumen bacteria, the products of which can detoxify 
certain plant compounds or prevent absorption of poisons or anti-nutrients (Mackie 
and White, 1990; Gregg and Sharpe, 1991; Gregg et al., 1994; Gregg et al., 1998).  
 
The organism of interest in this study is the rumen bacterium, Pseudobutyrivibrio 
ruminis, which is closely related to Butyrivibrio fibrisolvens (Kopecny et al., 2003). 
Butyrivibrio-like  organisms may account for as much as 24% – 30% of culturable 
bacteria from the rumen (Forster et al., 1996), and hence are prime candidates for 
genetic study and manipulation of rumen bacteria. Although it is likely that different 
groups of Butyrivibrio-like bacteria individually consitute much lower proportions of 
total ruminant bacteria (Kobayashi et al., 2000). 
 
1.1.1  Molecular Phylogeny 
16S rRNA sequence analysis has shown that P. rumins is closely related to B. 
fibrisolvens (Kopecny et al., 2003), which is most closely related to the Bacillus and 
Clostridium groups (Flint, 1994). P ruminis is of the Clostridiaceae  family and 
phenotypically are Gram negative, curved rods between 0.3 – 0.8µm  × 1.0 – 5µm, 
possessing polar to subpolar flagella, present singly or in chains. They are obligate 3 
 
anaerobes, which degrade xylan and produce butyrate as a by-product (Sneath et al., 
1986). Although B. fibrisolvens stains Gram negative (Kopecny et al., 2003), electron 
microscopy of thin sections showed that they possess a Gram-positive type cell wall that 
is atypically thin (12 – 18 nm; Hespell et al., 1993) 
 
Recently, many strains of Butyrivibrio fibrisolvens have been reclassified as the closely 
related Pseudobutyrivibrio or Clostridium genera (Kopecny et al., 2003). Due to the 
close relatedness of species divergently classified from Butyrivibrio, for the purpose of 
this study it was assumed that many of the molecular characteristics of this group of 
closely related bacteria were similar.   
 
1.1.2  Molecular Tools for the Study of P. ruminis and 
Closely Related Species 
Study of molecular biology in P. ruminis and closely related species has been largely 
limited to the isolation of genes involved in: carbohydrate metabolism (Berger et al., 
1989; Berger et al., 1990; Hazlewood et al., 1990; Lin et al., 1990; Mannarelli et al., 
1990; Lin and Thomson, 1991; Rumbak et al., 1991a; Goodman and Woods, 1993; 
Dalrymple et al., 1996a; Dalrymple and Swadling, 1997), bacteriocin production 
(Kalmokoff and Teather, 1997b; Kalmokoff et al., 1999), antibiotic resistance (Scott et 
al., 1997; Melville et al., 2001), flagellin production (Beard et al., 2000; Kalmokoff et 
al., 2000), and studies of phylogeny (Kopecny et al., 2003). Work has predominantly 
been focused on genes related to carbohydrate metabolism.  
 
Molecular tools for study of P. ruminis and closely related species, are relatively 
limited. Three E. coli - P. ruminis / B. fibrisolvens shuttle plasmids are commonly in 4 
 
use, including: the pYK series (Kobayashi et al., 1995), pSMerm1 (Hefford et al., 
1997), and pBHErm (Beard et al., 1995). These vectors were derived, respectively, from 
native P. ruminis and closely related species vectors: pRJF2 (Kobayashi et al., 1995), 
pOM1 (Hefford et al., 1997) and pRFJ1 (Hefford et al., 1993). In addition to these 
vectors the broad host range plasmid pUB110 has also been used (Gobius et al., 2002). 
 
Studies of transposable elements within P. ruminis and closely related species have 
been primarily focused on those transferring antibiotic resistance genes between 
bacteria (Scott et al., 1997) and, although some conjugative transposons have been 
studied, they have not yet been used as molecular tools to study gene function in P. 
ruminis and closely related species (Clark et al., 1994). 
 
1.2  Bacterial Gene Promoters  
Gene promoters dictate the rate of transcription initiation, which is a major factor 
regulating gene expression (Wosten, 1998). The study of gene promoters is essential to 
understanding which DNA sequences are responsible for high rates of gene 
transcription, and defining the potential for increased gene expression. This knowledge 
may then be applied to increase the transcription of commercially important genes. 
 
The intimate mechanisms of bacterial gene transcription, although not certain, have 
been extensively studied and reviewed (Mooney et al., 1998; Coulombe and Burton, 
1999; Korzheva and Mustaev, 2001; Mekler et al., 2002; Hsu, 2002a; Murakami and 
Darst, 2003). Detailed knowledge of the transcription initiation mechanisms in P. 
ruminis does not exist, and comparisons to mechanisms within well-characterized 
bacteria cannot be made. Nevertheless, for the purpose of providing at least some 5 
 
background information to this study, the basic principles of transcription in other 
bacteria will be discussed.  
 
1.2.1  Mechanisms of Transcription 
The first step in prokaryotic transcription initiation is the binding of RNA polymerase 
(RNAP) to the DNA promoter recognition region (Figure 1.0). RNAP is an enzyme that 
consists of four core subunits (α2, β, β’, ω), which in combination with the σ subunit 
forms a holoenzyme that catalyses the synthesis of mRNA using DNA as a template. A 
cell contains numerous versions of the σ subunit, which direct the specificity of the core 
RNAP (Wosten, 1998; Hsu, 2002a; Hsu, 2002b). The DNA-binding specificity of the σ 
subunit is dictated by the composition and arrangement of nucleotide elements within 
the promoter recognition region (Hsu, 2002b).  
 
 
 
 
 
 
 
 
 
Figure 1.0  Interaction between activated RNA polymerase and the promoter 
recognition region at initial binding. 
 
Much of the theory on transcription initiation in bacteria is based on the crystal structure 
of RNA polyermase. Structural work on bacterial RNAPs has largely been performed 
 from Murakami et al. (2003).  6 
 
on the RNAP-σ
A complex from Thermus aquaticus (Darst, 2001; Campbell et al., 
2002). The σ
A factor of this organism belongs to the σ
70 family. Although there is inter- 
and intra-species diversity of RNA-sigma factor complexes, it is thought that the 
currently deduced mechanism of transcription is broadly applicable to eubacteria 
(Mittenhuber, 2002; Murakami and Darst, 2003). 
 
The mechanism of transcription initiation has been postulated to involve a number of 
steps (Murakami and Darst, 2003):  
•  binding of RNAP to double stranded DNA (closed complex; Figure 1.1a),  
•  intermediate steps, which involve the partial melting of the DNA molecule and 
translocation of DNA proximal to the active site (Figure 1.1b), 
•  DNA separates and becomes unwound/melts around the –10 region, positioned 
relative to the transcription start site. This results in the formation of the open 
complex. The melting bubble is extended and entry of single stranded DNA into the 
active site results in the production of short abortive transcripts (abortive initiation; 
Figure 1.1c),  
•  production of abortive transcripts greater than approximately 12 nt may result in the 
destabilization of the interaction between RNAP and the promoter recognition 
region (Figure 1.1c&d),  
•  release and clearance of RNAP from the promoter (promoter escape) leading to the 
formation of a transcription elongation complex, results in translocation of RNAP 
and extension of the mRNA molecule (Figure 1.1e&f).  
 
There is general agreement with most aspects of this model (Paget and Helmann, 2003), 
but questions remain concerning mechanisms of transition between various stages of 
transcription initiation (Hsu, 2002b). Models describing these transitions have been 7 
 
suggested. For example, a model for abortive initiation involves the “scrunching 
translocation” of RNAP, in which the addition of a base to the 3’ end of the nascent 
RNA results in the distortion of melted DNA strands upstream of the DNA/RNA 
heteroduplex, the cumulative strain of which eventually results in forward, outward 
translocation of RNAP yielding the transcription extension complex and movement 
downstream (Hsu, 2002b).  
 
1.2.2 Factors Affecting Transcription  
Promoter "activity” or “strength" refers specifically to the frequency of transcription 
initiation, but the factors affecting transcriptional efficiency are diverse and complex. 
Each stage of transcript initiation and elongation represents a point where the rate of 
RNA production can be influenced (Mooney et al., 1998; Hsu, 2002b). In this report, 
the term "promoter strength" will be used to represent the level of transcript detected in 
each case, which is understood to result from the cumulative effect of the different 
factors. Such factors are alternatively defined as intrinsic or extrinsic. Intrinsic factors 
are elements of DNA or RNA that interact directly with RNAP, affecting its recruitment 
to the promoter recognition region and the initiation of transcription. Extrinsic factors 
are small molecules, proteins or other RNAs, which enhance or inhibit any stages of 
transcription (section 1.2.1). 
 
Intrinsic factors include:  
•  non-template/template DNA composition (Murakami et al., 2002),  
•  nascent RNA structures (Henkin, 1996; Henkin, 2000) and  
•  sequence of the 3’ proximal RNA (Chan et al., 1997).  
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Figure 1.1  The pathway from transcriptional initiation to elongation as proposed by 
Murakami and Darst (2003). Shown is a cross sectional view of the RNA polymerase 
holoenzyme. The ß flap: blue; σ: orange; rest of RNAP: grey; catalytic Mg
2+: yellow; 
charged regions: red and blue spheres; RNA: red; DNA template strand: dark green; 
DNA non-template strand: light green. The stages shown are (a): RNAP/promoter 
closed complex; (b): an intermediate stage; (c): RNAP/promoter open complex and 
transcription initiation; (d): end of abortive initiation; (e): promoter escape; (f): 
transcription elongation complex. 
-10 element
-35 element  DNA flexing  
Continued melting
+1 
Abortive transcript (≥12b) 
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Extrinsic factors include:  
•  gene specific activators and repressors (Rhodius and Busby, 1998; Lloyd et al., 
2001; Rojo, 2001), ppGpp (Barker et al., 2001; Chatterji and Ojha, 2001),  
•  termination and anti-termination factors (Henkin, 1996; Henkin and Yanofsky, 
2002),  
•  anti-sigma factors (Helmann, 1999),  
•  NTP concentration (Schneider et al., 2002),  
•  transcript cleavage factors (Hsu et al., 1995), and 
•  factor dependent DNA curvature or torsional state (Dai and Rothman-Denes, 1999; 
Xu and Hoover, 2001).  
 
Each extrinsic and intrinsic factor constitutes a field of research in itself and only those 
in which their effect could be deduced from DNA sequence were examined in this 
study.  
 
1.2.2.1  Intrinsic Factors Affecting Transcription 
In general, gene promoters are composed of two regions, the: promoter recognition 
region and initial transcribed sequences (Hsu, 2002b). These regions have been most 
comprehensively characterized in Escherichia coli. Therefore, as an introduction, 
transcription initiation will be presented from this perspective. 
 
Promoter Recognition Region 
The promoter recognition region consists of three main conserved elements that make 
contact with RNAP. These include the –10, –35, and upstream (UP) elements (Figure 
1.2). The composition of –10 and –35 elements direct the specificity of RNAP 
holoenzymes.  10 
 
 
-10 Element 
The –10 element is a DNA hexamer, centred at the 3
rd nucleotide (5’ – 3’), 
approximately 10 nucleotides upstream of the transcription start site (+1; Gross et al., 
1998). This region is directly involved in RNAP positioning and binding specificity 
(Murakami et al., 2002) and is also thought to be involved in the distortion of DNA, 
leading to heteroduplex melting and formation of the open complex (Wosten, 1998; 
Murakami and Darst, 2003). The composition of the –10 element varies between 
bacterial species and the type of core RNAP/σ subunit complex binding to the DNA 
(section 1.2.3). 
 
 
 
 
 
 
 
 
 
 
Figure 1.2  A simplistic model of initial RNAP-promoter interactions (Bashyam and 
Tyagi, 1998; De Haseth et al., 1998; Vo et al., 2003). RNAP is shown as a multi-subunit 
enzyme consisting of ß and ß’ subunits (grey), σ and α subunits. The α subunits are 
connected by a flexible linker. The orientations of the RNAP subunits are not accurately 
depicted in this model. Gradient filled rectangles indicate the possible interactions 
between RNAP and the promoter recognition region. -10: -10 element; -35: -35 
element; UP: upstream element; UPS or UAS: upstream (activating) sequence; DIS: 
downstream discriminator sequence; EX-10: extended –10 region; TSS: transcription 
start site; ITR or ITS: initial transcribed sequence region. Shaded boxes represent 
elements common to most promoter recognition regions. Unshaded boxes show less 
common elements. 
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Extended –10 (EX-10) Element 
The EX-10 element contributes to the rate of transcription initiation and extends from 
positions –13 to –15 (Wosten, 1998). In E. coli the EX-10 element (5’-TGn-3’) was 
present in approximately 20% of 300 promoter recognition regions examined (Burr et 
al., 2000).  
 
Sanderson and associates (2003) showed that regions 2.4 and 3.0 of the E. coli RNAP 
σ
70 subunit recognize the EX-10 element, and suggested that these are the regions of 
RNAP that grip DNA. In agreement with this, in E. coli the EX-10 element was 
primarily present in promoters lacking a –35 region (Voskuil and Chambliss, 2002), 
suggesting that the EX-10 element can provide a strong recognition motif for RNAP 
(Wosten, 1998). However, the exact nature of RNAP and EX-10 element interactions 
remains to be elucidated (Sanderson et al., 2003). 
 
An expanded EX-10 element is present at the –16 region in Gram-positive eubacteria 
(Voskuil and Chambliss, 2002). In Bacillus subtilis the EX-10 motif has been expanded 
upstream to include 5’-TRTG-3’ (R = purine). In B.subtilis the TG dinucleotide was 
conserved in 45% of 142 promoters studied and, unlike E. coli, was associated with 
conserved –35 and –10 elements. In Bacillus this element has been shown to be 
essential for the maintenance of open complex, but does not affect the extent of strand 
separation (Voskuil and Chambliss, 2002).  
 
-35 Element 
The –35 element is a DNA hexamer, centred at the 3
rd nucleotide (5’ – 3’), 
approximately 35 nucleotides upstream of the transcription start site. This element 
interacts directly with the RNAP σ subunit, and is partially responsible for RNAP 12 
 
holoenzyme specificity and positioning (Murakami et al., 2002). Unlike the –10 and 
EX-10 elements, this element is not thought to be directly involved in strand separation 
(Figure 1.1). The composition of the –35 element varies between bacterial species and 
the type of RNAP σ subunit binding to the DNA (section 1.2.3). 
 
Some promoters that lack a –35 element, or contain an element that significantly 
deviates from the consensus, can still bind active RNAP bound to an activator protein 
(Gross et al. 1998). Alternatively, promoters lacking a –35 element often contain an 
EX-10 element, which appears to partially compensate for the lack of the −35 element 
(Voskuil and Chambliss, 2002).  
 
Interspacer 
The interspacer between -10 and -35 elements is thought to be important for the 
presentation of the –10 and –35 elements in the correct orientation for binding of the 
RNAP σ subunit (Murakami et al., 2002). The optimal length of the interspacer varies 
among bacterial species and the types of RNAP σ subunits binding to the DNA 
(Wosten, 1998; section 1.2.3). Changing the length of the native interspacer can greatly 
alter transcriptional activity. For example, activity of a σ
70 dependent promoter was 
almost eliminated by altering the E. coli interspacer length from 17 bp to either 15 or 19 
bp (Vo et al., 2003).  
 
Upstream activating sequence (UPS or UAS) 
The region of DNA directly upstream of the –35 element, extending from 
approximately –40 to –60 nt, can include the UP element or A-tracts (Perez-Martin 
et al., 1994; Estrem et al., 1998).  
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The UP element is an A/T-rich region directly upstream of the –35 element that 
interacts with the C-terminal of the RNAP α subunit (α-CTD), potentially affecting 
RNAP recruitment to the promoter region and progression to the open complex (Rao et 
al., 1994; Estrem et al., 1998). A consensus sequence for the UP element has been 
determined for E. coli, based on productive promoter activity. The consensus, (5’-
nnAAAWWTWTTTTnnAAAAnnn-3’), extended from positions –59 to –38 (W = A or 
T; Estrem et al., 1998). This consensus has been further refined into two distinct 
subsites: –57 5’-AWWWWWTTTTT-3’-47 and -46 5’-AAAAAARNR-3’–38 (R = A 
or G; Estrem et al., 1999). Regions of the α-CTD that interact with DNA are conserved 
among eubacterial sigma factors, suggesting that DNA sequences contacted by this 
subunit may also be conserved among eubacteria (Murakami et al., 1996; Estrem et al., 
1998). In E. coli, genome analysis has revealed that a refined UP element consensus is 
present in only 0.63% of promoter recognition regions (Estrem et al., 1999). However, 
it is present in 21% of rRNA promoters (Estrem et al., 1999). Potential UP elements 
have also been identified in B.subtilis and Clostridium promoter recognition regions 
(Graves and Rabinowitz, 1986; Helmann, 1995).  
 
UP elements can contain “phased A-tracts”, which are in-phase with the DNA helical 
repeat. Phased A-tracts can interact with the α-CTD, but promoter stimulation has been 
shown to be lower than that caused by a UP element under standard conditions (Aiyar et 
al., 1998). Phased A-tracts may stimulate promoter activity at lower temperatures due to 
increased DNA curvature (Katayama et al., 1999), although not all UP elements display 
obvious curvature (Gaal et al., 1994). The effect of DNA curvature on transcription 
initiation are discussed later in this section. 
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Downstream Discriminator Sequence (DIS) 
This sequence element is located between the –10 element and the transcription start 
site and is involved in melting isomerization, formation of the open complex 
(Siebenlist, 1979; Travers, 1980), and mediating stringent response (Barker et al., 
2001), in a number of pyrimidine biosynthetic operons (Zhou and Jin, 1998). In E. coli 
the most common length is 7 bp, however it can vary between 6 – 8 bp (Lisser and 
Margalit, 1993; Vo et al., 2003). Altering the length of the DIS region in E. coli reduced 
transcriptional activity (Vo et al., 2003). 
 
Initial Transcribed Sequence/Region (ITS or ITR) 
The initial transcribed sequence is the region of DNA directly downstream of the 
transcription start site. Although the promoter recognition region and ITS appear to 
exert control over different aspects of the transcription process they do not function 
independently (Hsu et al., 1995). The ITS can affect open complex stability, start site 
selection and initiation frequency (Craig et al., 1998).  
 
A search for patterns within 415 E. coli and related phage promoters, extending from 
−70 to +150 bp, showed that A/T tracts were preferred at positions 6 (±3), 23 (±3), 40 
(±2), and 56 (±2) in approximately 20% of promoters (Ozoline et al., 1999). The tracts 
were present in a periodicity of approximately 17 bp, in-phase with the −10 and −35 
elements of the promoter recognition region (Ozoline et al., 1999). The phasing of these 
periodical motifs with −10 and −35 elements may indicate a role in RNAP docking. Or, 
due to the high affinity of RNAP for A/T rich regions, the tracts might modulate 
contacts during promoter escape, causing transcription pausing (Ozoline et al., 1999). 
Overall, the role of the ITS in transcription initiation remains to be elucidated.  
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General Properties of DNA that Affect Transcription Initiation 
There are a number of general structural features of DNA, which elements within the 
promoter recognition region or the initially transcribed sequence contribute to, that may 
modulate transcription initiation. 
 
Intrinsic DNA Curvature and Torsional State 
DNA curvature is often associated with DNA supercoiling, which may affect 
transcription in a number of ways: 
•  curved DNA results in the formation of loops around RNA polymerase, enhancing 
the DNA/RNAP interactions (Perez-Martin et al., 1994), 
•  the torsional stress resulting from DNA curvature or supercoiling can affect DNA 
melting energy and unwinding (Natale et al., 1993),  
•  negative supercoiling may enhance promoter escape (Lim et al., 2003).  
 
Generally, DNA curvature results from either A/T tracts or GC elements (Crothers et 
al., 1990; Brukner et al., 1994), including UP elements or phased A-tracts within 
promoter recognition regions (Rao et al., 1994; Aiyar et al., 1998; Estrem et al., 1998).  
 
The structural and torsional state of DNA is often mediated by interaction with 
regulatory proteins, which are classified as extrinsic factors (Xu and Hoover, 2001; Lim 
et al., 2003; section 1.2.2.2). Even relatively small changes in intrinsic curvature can 
enhance protein-DNA contacts, which may partially mediate the affect of regulatory 
proteins on transcription (Suzuki and Yagi, 1995; Gabrielian et al., 1999). 
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DNA meltability 
DNA meltability is measured as a function of stacking energy and is strongly correlated 
with A/T content (Ornstein et al., 1978). However, this correlation is less for smaller 
regions of A/T richness (Ornstein et al., 1978). Generally, lower stacking energies are 
observed within the −10 element, corresponding with the region of DNA unwound and 
melted to form the open complex (Murakami and Darst, 2003; section 1.2.1). 
 
Transcription Termination Structures 
Terminator structures (stem loops) can occur within leader sequences, resulting in the 
abortion of transcription before it reaches the protein coding sequences (Henkin and 
Yanofsky, 2002). Terminators can form in a number of configurations, described by 
Unniraman and associates (2002), in different species of bacteria and are usually 
recognizable by the presence of palindromic sequences, followed by a string of 
thymidine residues, corresponding to uracils in the nascent transcript (Unniraman et al., 
2002). Although structurally intrinsic to DNA sequences, they are often regulated by a 
number of extrinsic factors. Transcription attenuation and anti-termination have 
relatively recently been reviewed (Gollnick and Babitzke, 2002; Henkin and Yanofsky, 
2002; Stulke, 2002). In strict terms, termination structures do not affect transcription 
initiation, as they are encountered after RNAP has already cleared the transcription start 
site.  
 
1.2.2.2  Extrinsic Factors Affecting Transcription 
The role of extrinsic factors in transcription initiation can be partially deduced from 
sequence analysis.  
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Activators and Repressors 
Activators and repressors are proteins that bind DNA or RNAP, activating or repressing 
transcription initiation respectively. DNA-binding motifs have been defined for many 
repressors and activators of transcription and can be used to analyze promoter sequences 
for potential regulatory protein DNA-binding sites, allowing speculation about possible 
mechanisms for regulating transcription (Figure 1.3; Figure 1.4). The binding motifs of 
many regulatory proteins are stored in databases, accessible via the internet (Salgado et 
al., 2000; Munch et al., 2003).  
 
Proteins regulating transcription initiation may themselves bind other regulatory factors, 
creating a complex network of interactions responsible for promoter activity (Vicente et 
al., 1999; Babu and Teichmann, 2003; Table 1.0). Adding to the complexity of 
transcription regulation, regulatory proteins can bring together distant regulatory DNA 
sequences, affecting their activity (Xu and Hoover, 2001).  
 
Transcription repression can also involve relatively non-specific proteins that bind 
promoter regions, preventing the binding of transcription initiation factors. Examples of 
this transcription silencing have been described by Yarmolinsky (2000). 
 
Factor Dependent Termination 
Mechanisms of transcription termination, attenuation, or alleviation of termination (anti-
termination), are diverse and have been reviewed by Gollnick and associates (2002). 
DNA-binding motifs for regulatory molecules mediating transcription termination are 
usually downstream of the transcription start site. 
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Table 1.0  The diversity of factors in E. coli affecting transcription initiation through 
interactions with RNA polymerase. Adapted from Ishihama (2000) and Vicente and 
associates (1999)
*. 
 
Class of Factor  Sigma subunit 
contacted 
Transcription factors 
I  α  Ada, AraC, CRP, CysB, Fis
*, FldDC
*, Fnr, FruR, GalR, IHF, 
LacI, MarA
*, MelR, MetR, NusA
*, OmpR, OxyR, Rob, SoxS, 
TrpI, TyrR, Mor (phage Mu), Ogr (phage P2), δ (phage P4), 
nascent RNA
* 
II  σ  Ada, AraC, CRP, DnaK, DnaJ, Fis, Fnr MerR, NtrC, PhoB, 
SoxS, Rsd, SoxS, Mor (phage Mu), cl (phage λ), cll (phage λ), 
AsiA (phage T4) 
III  ß  DnaA, EF-Tu, NusA, Rho, ppGpp, C (phage Mu), Alk (phage 
T4), nascent RNA
* 
IV  ß’  GreA, NusA, Omega, Rho, Polyphosphate, C (phage Mu), SSB 
(phage N4), nascent RNA
* 
 
1.2.3 Diversity of Promoter Recognition Regions  
1.2.3.1 Intracellular Variation 
The composition of –10 and –35 elements is directly related to the type of core RNAP/σ 
factor complex (active RNAP) sequestered, and within a bacterium there is a range of σ 
factors (Wosten, 1998).  
 
Bacteria possess sigma factors for the transcription of genes responsible for general 
cellular maintenance and specialized factors that mediate responses to environmental 
stimuli, such as the formation of spores. These factors are generally designated 
according to the cellular response they mediate and often require different DNA-binding 
motifs (Table 1.1; Wosten, 1998). Most of the DNA-binding motifs presented in Table 
1.1 were characterized in Bacillus species and E. coli and, although similar in function, 
many organisms have species-specific DNA-binding motifs for active RNAP (section 
1.2.3.2).  19 
 
 
The number of sigma factors encoded within different bacteria can differ greatly. For 
example, Streptomyces coelicolor has as many as 50 different extracytoplasmic function 
sigma factors (Helmann, 2002). To date the details of promoter recognition by these 
sigma factors have not been investigated. In contrast, genomic analysis of Mycoplasma 
pneuomoniae indicates that this organism contains only a single sigma factor (Weiner et 
al., 2000).  
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Figure 1.3  Interactions between transcriptional activators, promoter recognition 
regions and RNAP. RNAP is shown as a multi-subunit enzyme consisting of ß and ß’ 
subunits (grey), σ and α subunits, and the α subunits connected by a flexible linker. A: 
Activator (A)-(D): activators that function by binding RNAP; (E)-(G): activators that 
function by altering promoter conformation; (A): activator independent docking of 
RNAP; (B): an activator interacting with both region 4 and CTD subunits of the RNAP 
σ and α subunits respectively; (C): an activator interacting with the σ RNAP subunit; 
(D): an activator interacting with the α-CTD subunit of RNAP; (E): an activator alters 
the juxtaposition of the –10 and –35 elements such that RNAP can bind to the promoter 
region; (F): an upstream activator bends the DNA so that RNAP can bind the promoter 
region; (G): an upstream-bound activator induces changes in DNA conformation, 
promoting transcription initiation. Circular arrows indicate torsional distortion of the 
DNA molecules. The arrow upstream of the –10 region indicates direction of 
transcription. Filled circles and squares indicate contacts between the activator and, 
RNAP α-CTD subunit or region 4 of the σ subunit respectively. Adapted from Rhodius 
and associates (1998). 
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Figure 1.4  Interactions between transcriptional repressors, promoter recognition 
regions (PRRs) and RNAP. RNAP is shown as a multi-subunit enzyme as in Figure 1.3. 
R: Repressor. (A): docking of RNAP to a repressor independent promoter; (B): 
repressor binds to a site that inhibits RNAP binding to the promoter recognition region 
(steric hinderance); (C) & (D): inhibition of the transition from closed to open complex. 
RNAP binds to the recognition region, however RNAP mediated melting of DNA in the 
initiation region is inhibited by RNAP/repressor interactions upstream of the α-CTD or 
on the opposite face of the recognition region; (E)&(F): inhibition of promoter escape. 
Promoter escape is inhibited by either an upstream bound repressor, or collision with a 
downstream bound repressor. The open complex is formed, as are abortive transcripts 
(shown by an arrow upstream of the –10 element); (G): repressor makes the promoter 
recognition region inaccessible to RNA by altering DNA secondary structure. The 
crossed arrow upstream of the –10 region indicates direction of inhibited transcription. 
Adapted from Rojo (2001), and Lloyd and associates (2001). 
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As increased datasets become available: 
•  core RNAP/σ factor complex DNA-binding motifs are constantly being redefined. 
e.g. the σ
E factor DNA-binding motif in B.subtilis (Henriques et al., 1997), 
•  potential new sigma factors are being identified. e.g. the extracytoplasmic sigma 
factors σ
W, σ
X, σ
M, σ
Y, σ
V, σ
Z, and σ
Ylac in B.subtilis (Kunst et al., 1997), 
•  new DNA-binding motifs are being reported (Lonetto et al., 1994; Cao et al., 2002). 
 
The selectivity of active RNAP, in binding the promoter recognition region, can be 
complicated. For example, in E. coli the σ
70 and σ
S factors appear to recognize the same 
–10 and –35 element consensus sequences, but appear to have different tolerances for 
deviations from the consensuses that mediate their selectivity (Gaal et al., 2001). 
 
1.2.3.2 Inter-Species Variation  
The DNA-binding motifs of similar active RNAP complexes can vary between bacteria 
(section 1.2.3.1). As examples, interactions between an E. coli RNAP/σ
70  promoter 
recognition region and the B.subtilis RNAP/σ
A complex were unstable, despite the 
homology of σ
A and σ
70 (Voskuil and Chambliss, 2002).  
 
To reduce the complexity of analysis, the σ
70 family of factors was chosen for the focus 
of this study, because it is likely that a member of this family regulates a majority of 
genes in any given bacterium. For example, in E. coli, approximately 80% of genes are 
thought to be regulated by σ
70 (subunit D; Table 1.2).  
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Table 1.1  Consensus DNA-binding motifs of various sigma factors in bacteria. IUB codes have been used where consensus motifs have a variable 
nucleotide composition (Appendix I). Adapted from Wosten (1998). 
 
Factor  Name  Consensus Sequence Recognized  References 
          
σ
70 family    -35  Spacer (bp)  -10   
Primary σ-factors  σ
70, RpoD, SigA  TTGACA  16-18  TATAAT  (Harley and Reynolds, 1987; Helmann, 
1995) 
Non-essential primarly-like σ factors           
         Stationary phase σ-factor  σ
38, RpoS,       CTATACT  (Espinosa-Urgel et al., 1996) 
Alternative σ-factors 
         
        Flagella σ-factors  σ
28, FliA, SigD  TAAA  15  GCCGATAA  (Helmann, 1991) 
        Heat shock σ-factors  σ
32, RpoH  CTTGAAA  11 – 16  CCCATnT  (Gross, 1996) 
        ECF σ-factors  σ
E, SigE  GAACT  16  TCTGA  (Missiakas and Raina, 1998) 
        Sporulation σ-factors  σ
B, SigB  GTTTAA  12 – 14  GGGTAT  (Hecker et al., 1996) 
  σ
H, SpoOH  AGGAWWT  12 – 14  RGAAT  (Predich et al., 1992) 
  σ
F, SpoIIAC  WGCATA  14 – 15  GGnRAYAMTW  (Sauer et al., 1995), (Sun et al., 1991) 
  σ
E, SpoIIGB  ATAHTT  13 – 15  CATAYAHT  (Henriques et al., 1997) 
  σ
G, SpoIIIG  TGAATA  17 – 18  CATACT  (Nicholson et al., 1989) 
  σ
K, SpoIIIC  AC  16 – 17  CATAnAnTA  (Zheng et al., 1992) 
σ
54 family
    -24  Spacer (bp)  -12   
  σ
N, RpoN, SigL  TGGCAC  5  TTGCW  (Merrick, 1993) 24 
 
Overall, the –10 element in promoter recognition regions, binding RNAP/σ
70-like 
complexes, appears to be conserved amongst many prokaryotic species, whilst the –35 
element appears less conserved (Table 1.3). Inter-species variation of σ
70-like DNA-
binding motifs extends, not just to the composition of –10 and –35 elements, but also to 
the elements’ interspacing and frequency (Table 1.3). Examples include: 
•  replacement of the –35 element by periodic A/T tracts (Petersen et al., 2003), 
•  extended –35 elements (Wosten et al., 1998),  
•  apparently double –10 elements (Jackson et al., 2000), 
•  extended -10 elements, alternatively termed the –16 element, which can alter the 
requirement for a –35 element (Sabelnikov et al., 1995; Voskuil and Chambliss, 
2002). 
 
Often, only sub-groups of promoters in a bacterium contain a particular promoter 
element composition and context. For example, it is thought that the extended –10 
element is present in 20% of E. coli promoter recognition regions (Burr et al., 2000).  
 
Table 1.2  Approximate number of genes regulated by each type of sigma factor in E. 
coli. Adapted from Ishihama (2000). 
 
Sigma 
subunit 
Name 
Alternative 
name 
Genes regulated  Approx. no. of genes under 
control of each sigma subunit 
D 70  Growth-related  genes  1000 
N  54  Nitrogen-regulated/stress response genes  15 
S  38  Stationary phase/stress response genes  100 
H  32  Heat shock/stress response genes  40 
F 24  Flagella-chemotaxis  genes  40 
E    Extreme heat shock/extracytoplasmic genes  5 
Fecl    Ferric citrate transport/extracytoplasmic genes  5 
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Table 1.3  Comparison of bacterial promoter sequences likely to bind core RNAP/σ
70-
like complexes. The –10 and –35 elements were not always centered around these 
positions. Dashed cells: no common consensus was suggested. 
 
Species  -35 
element 
Spacing 
(bp) 
-10 
element(s) 
Reference 
Actinobacillus 
pleuropneumoniea 
TTRAA  13 – 16  TATAAT  (Doree and Mulks, 2001) 
Escherchia coli  TTGACA  17 ± 1  TATAAT  (Lisser  and  Margalit, 
1993) 
Bacillus subtilis  TTGACA  17 ± 1  TATAAT  (Helmann, 1995) 
Bacteroides fragilis  TTTG  10 – 20  TANNTTTGY  (Bayley et al., 2000) 
Campilobacter jejuni  TTTAAGT 
or -
▲ 
15 – 19  TATAAT  (Wosten et al., 1998) 
(Petersen et al., 2003) 
Cornebacterium glutamicum  TTTGCC  16 – 18  TGNGNTAYA
ATGG 
(Patek et al., 1996) 
  TTGGCA      (Patek et al., 2003b) 
  TTGCCA     
Caulobacter crescentus  TTGACGS  10 – 14  GCTANAWC  (Malakooti et al., 1995) 
Helicobacter pylori
○  TTAAGC  19 – 23  TATAAT  (Vanet et al., 2000) 
Lactobacillus sp.  TTGACA  16 – 19  TATAAT  (McCracken et al., 2000) 
Mycobacterium 
paratuberculosis 
TGMCGT  16 – 20  CGGCCS  (Bannantine et al., 1997) 
Mycoplasma pneumoniae  TTGA
□  15 – 20  TADAAT  (Weiner et al., 2000) 
  or -    TAAKAT   
     TACTAT   
     TATTAA   
Porphyromonas gingivalis  CAGATR  21 – 26  TATAAT
◄  (Jackson et al., 2000) 
Prochlorococcus sp. MED4  - -  TAWDNT
■  (Vogel et al., 2003) 
Streptomycete sp.
●  GCTTGACNC  16 – 18  TASVRTS  (Bourn and Babb, 1995) 
Thermus thermophilus  TTGACA  17 – 18  TATCMT  (Maseda  and  Hoshino, 
1995) 
Zymomonas mobilis  -  -  TAGANNT  (Barnell et al., 1992) 
 
■ Data from a weight matrix presented by Vogel and associates (2003) was converted into a consensus 
sequence. 
□ Sequences were relatively conserved in regions, which were similar to the E. coli –35 element (Weiner 
et al., 2000). 
▲ Petersen and associates (2003) suggested that the Campylobacter jejuni promoter regions did not 
contain –35 elements but rather a strong periodic variation in A/T-content. 
○ Promoter elements were determined using algorithmic, rather than experimental methods. 
● Bourn and associates (1995) proposed several classes of motifs binding the core RNAP/σ
70-complex in 
Streptomycetes. Full extended motifs are not shown as they are highly degenerate. 
◄ This sequence was repeated, centred on average around –19/20 bp, relative to the transcription start 
site.26 
 
1.2.4 Relationship Between Promoter Recognition Region 
Structure and Strength 
Promoter recognition regions have different characteristics of RNAP sequestration, 
abortive initiation, and RNAP promoter-escape, depending on their sequence (Wosten, 
1998; Vo et al., 2003). The rate of RNA production is very sensitive to alterations 
within the recognition region and as little as single nucleotide deviation has been shown 
to result in changes to the rate of mRNA production (Gaal et al., 2001; Vo et al., 2003). 
 
The affect of each recognition region element on transcription is often context 
dependent (Vo et al., 2003). Specifically, the effect of any particular element on 
transcription depends on what the rate-limiting step of transcription initiation is for that 
particular promoter. For example, Vo and associates (2003) suggested that elements that 
efficiently sequester RNAP may impede promoter escape from the recognition region, 
limiting transcription initiation. Consequently, the rate limiting transcription step is 
determined by interplay between RNAP, the composition and context of the recognition 
region, transcription factors, and general structural properties of DNA. Therefore, 
defining consensus DNA-binding motifs for RNAP subunits that facilitate productive 
transcription is equally context dependent and arduous.  27 
 
1.3 Gene Promoters Isolated from P. ruminis and 
Closely Related Species 
1.3.1.1 Phylogenetic Reclassification of B. fibrisolvens: Implications 
for This Study 
The recent reclassification of many Butyrivibrio fibrisolvens strains into the genera 
Clostridium and Pseudobutyrivibrio raises the question of whether  knowledge of 
promoters in one species is applicable to the other.  
 
Overall, work on Pseudobutyrivibrio ruminis and closely related species seems 
distributed between the common laboratory strains H17c (Berger et al., 1989; Lin et al., 
1990; Lin and Thomson, 1991; Utt et al., 1991b; Rumbak et al., 1991a; Krause et al., 
2001) (Berger et al., 1990; Rumbak et al., 1991b; Goodman and Woods, 1993), Bu49 
(Mannarelli et al., 1990; Beard et al., 1995; Kobayashi et al., 1995; Hefford et al., 1997; 
Xue et al., 1997) and OB156 (Gregg et al., 1994; Beard et al., 1995; Kobayashi et al., 
1995; Kobayashi et al., 1997; Xue et al., 1997; Kobayashi et al., 1998; Kobayashi et al., 
2003).  Strains H17c and Bu49 are likely classified as Clostridium proteoclasticum, 
whilst strainOB156 is best classified as Pseudobutyrivibrio sp. (Kopecny et al., 2003; 
pers. comm. Prof. Jan Kopecny, Institute of Animal Physiology and Genetics, Czech 
Academy of Sciences). 
 
To date, no studies have specifically addressed whether gene promoters from C. 
proteoclasticum H17c or Bu49 are active in P. sp. H17c. Only the xynA gene promoter 
from Bu49 has been studied in both its native strain and in H17c. The Neocallimastic 
patriciarum  xynA gene, most likely under control of the Bu49 gene promoter, was 
expressed in both Bu49 and H17c (Gobius et al., 2002). More xylanase was produced 28 
 
from the Bu49 xynA promoter in H17c, than Bu49, but this may be due to the fact that 
the signal peptide fused upstream of the xynA gene originated from the H17c amyA 
gene, and not Bu49 (Gobius et al., 2002). Without measuring xynA transcript levels, 
relative activities of this promoter in the different species cannot be determined.  
 
Many plasmids commonly used for the study of P. ruminis and B. fibrisolvens gene 
regulation have also been transferred to related species (Beard et al., 1995; Kobayashi et 
al., 1997; Gobius et al., 2002). This indicates that the rep and pre-like gene promoters in 
these vectors are functional in multiple species (Hefford et al., 1993; Beard et al., 1995; 
Kobayashi et al., 1995; Hefford et al., 1997). In addition, many recombinant plasmids 
contain exogenous gene promoters regulating the production of either kanR or ermAM 
which are also functional in numerous species (Zyprian and Matzura, 1986; Clark et al., 
1994; Beard et al., 1995). Interestingly, the transfer of plasmids, such as pUB110, to 
different strains of P. ruminis and closely related species has varied in success (Gobius 
et al., 2002). This may be due to the differential regulation of gene promoters or, more 
likely, different restriction barriers in different strains affecting transformation 
efficiencies (Beard et al., 1995).  
 
1.3.1.2 Reported Gene Promoters 
Many of the genes studied in P. ruminis and closely related species are related to 
carbohydrate metabolism (Berger et al., 1989; Berger et al., 1990; Hazlewood et al., 
1990; Lin et al., 1990; Mannarelli et al., 1990; Utt et al., 1991b; Rumbak et al., 1991a; 
Rumbak et al., 1991b; Dalrymple et al., 1996a; Dalrymple and Swadling, 1997). In a 
majority of studies gene promoters have been defined by the presence of apparent 
binding motifs for the σ
70 subunit of active RNAP, but the positions of transcriptional 
start sites relative to these elements were not experimentally confirmed (Table 1.4; 29 
 
Table 1.5). Although it is likely that a majority of carbohydrate metabolism genes in P. 
ruminis and closely related species are regulated by the equivalent of the σ
70-like factor, 
the assumption that promoter sequences in P. ruminis and closely related species are 
similar to those in other, better-characterized bacteria, could be misleading. This was 
illustrated by the alteration of P. ruminis promoter sequences to resemble those of 
Escherichia coli, which resulted in decreased promoter activity (Xue et al., 1997). 
Endogenous and exogenous promoters that are active in P. ruminis and closely related 
species are listed in Table 1.4. 
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Table 1.4 Methods previously used for defining P. ruminis and closely related species promoters.  
 
Gene/  Confirmation of activity  Reference 
Plasmid  Strain Isolated/Used in  Primer Extension  Expression of gene 
● Promoter 
Manipulation 
Promoter Activity in:   
Endogenous genes 
amyA H17c    9  9
□  E. coli  (Rumbak et al., 1991a) 
bvi79A  OR79  ns    (Kalmokoff et al., 1999) 
bglA H17c  9     E. coli  (Lin et al., 1990) 
ced1 H17c    9    E. coli  (Berger et al., 1990) 
celA  A46                    9 (ns)    E. coli  (Hazlewood et al., 1990) 
cinI or cinA  E14  na    (Dalrymple et al., 1996a) 
cinB & cinR E14    9    E. coli  (Dalrymple and Swadling, 1997) 
end1 H17c    9    E. coli  (Berger et al., 1990) 
flaA OR77/OR85  9     P. sp.  (Beard et al., 2000; Kalmokoff et al., 
2000) 
flaB OR77  9     P. sp.  (Kalmokoff et al., 2000) 
glgB  H17c                    9(ns)   E. coli  (Rumbak et al., 1991b) 
glnA
   H17c                    9(ns)   E. coli  (Goodman and Woods, 1993) 
pOM1 (rep) Bu49/Bu49  9     C. proteoclasticum  (Hefford et al., 1997) 
pRJF1 & deriv.  OB156/multiple  Promoter sequence upstream of ORF1 (pre or repF) suggested  P. sp. and closely related 
bacteria 
(Hefford et al., 1993) 
pRJF2 & deriv.  OB157/multiple  Promoter sequence upstream of ORF1 (pre) suggested  P. sp. and closely related 
bacteria 
(Kobayashi et al., 1995) 
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Gene/  Confirmation of activity  Reference 
Plasmid  Strain Isolated/Used in  Primer Extension  Expression of gene 
● Promoter 
Manipulation 
Promoter Activity in:   
xylB  GS113  (na)  (Utt et al., 1991b) 
xynA
▲■  Bu49/OB156   9  9  C. proteoclasticum / P. sp.  (Mannarelli et al., 1990; Xue et al., 
1997) 
xynB  H17c/     9    (Lin and Thomson, 1991) 
Exogenous genes 
ermAM
U  /multiple  9    
9 
S.faecalis 
P. ruminis and closely related 
species 
(Martin et al., 1987) 
(Gregg et al., 1998) 
kanR /multiple    9    P. ruminis and closely related 
species 
(Clark et al., 1994) 
Pmob/pUB110
▲ /multiple  9    
9 
S.aureus 
 P. ruminis and closely related 
species 
(Zyprian and Matzura, 1986) 
(Xue et al., 1997) 
xynA
■  /OB156   9    E. coli 
P. species 
(Kobayashi et al., 1998) 
 
●   Fragment assumed to contain a promoter, regardless of its orientation in a plasmid, the gene directly downstream was expressed at similar levels. However, this does not identify 
the promoter. 
▲   Enzyme activity was used to determine promoter activity. It is unlikely, although possible, that sequence manipulations influenced RNA stability or the post transcriptional 
processing of RNA or protein.  
U  The ermAM promoter was manipulated, resulting in increased expression of the ermAM gene in P. sp.. This indicates that the proposed promoter sequence was acting as a 
promoter. However, such manipulations could produce the same result if they interrupted a repressor protein binding site. 
■  The xynA gene described by Xue and associates (1997) originated from Neocallimastix patriciarum and was expressed from an endogenous C. proteoclasticum strain Bu49 
xylanase promoter (Pxyn; Mannarelli et al., 1990). The xynA gene described by Kobayashi and associates (1998) originated from Eubacterium ruminantium.  
□  Rumbak and associates (1991a), excised a nucleotide fragment containing the hypothetical promoter, eliminating expression of the α-amylase. 32 
 
(na)  Not applicable. The isolated gene did not appear to be transcribed from a native gene promoter 
in E. coli. 
(ns)   No promoter sequence was suggested for such genes. Promoters have been suggested for all 
other genes/plasmids 
 
 
 
 
Table 1.5  Various promoter elements suggested, or shown, to be constituents of active 
gene promoter recognition regions in P. ruminis and closely related species. 
 
Plasmid   Gene of 
interest 
-35 element  -10 
element 
–10 element suggested similar 
to σ factor binding motif  
(E. coli): 
Reference 
Endogenous genes 
  amyA TATAAT  TTGACG  σ
70  (Rumbak et al., 1991a) 
pBf1 orf1  TTGACA  TATAAT  σ
70 (Xu,  1993) 
  orf2 CTGACC  TATAAT  σ
70   
  bglA TTCAAA TTTTAT  σ
70  (Lin et al., 1990) 
  ced1  TTGAAA  TATATA    (Berger et al., 1990) 
  cinB   TTGACA TAATAT    (Dalrymple  and 
Swadling, 1997) 
  cinR TTGACT TAATAT    (Dalrymple  and 
Swadling, 1997) 
  end1  TTGACA  AATAAT    (Berger et al., 1989) 
    TTGTTA GATAAT     
    TTGAAT TAATAT     
  flaA TAAA  CCGATAA  σ
28
  (Beard et al., 2000) 
   TTTACA  CATAAT  σ
43▲
   
  flaB  TAAA  CGATA    (Kalmokoff et al., 2000) 
pOM1  rep  TATTGT  ATATTA    (Hefford et al., 1997) 
pOM1  pre  TTGATC AGTAAT     
pRJF1  pre or 
repF 
TTGTTAA TATTAT  σ
70  (Hefford et al., 1993) 
pRJF2  pre TTGTTA  TATAAT  σ
70  (Kobayashi et al., 1995) 
  xynA  TTGCAC  TAATAT    (Xue et al., 1997) 
Exogenous genes 
  ermAM
  TTGATA    TATAAT  σ
70  (Martin et al., 1987) 
(Gregg et al., 1994) 
pUB110  mob  ATGAAT  TATACT    (Xue et al., 1997) 
(Clark et al., 1994) 
 
▲ σ
43 the housekeeping sigma factor for Bacillus subtilis, equivalent to σ
70 in Escherchia coli 33 
 
Endogenous Promoters 
Until now, only the flaA, flaB and rep gene promoters have been confirmed as true 
promoters by their proximity to a transcription start site, by the analysis of their 
transcripts in vivo (Hefford et al., 1997; Beard et al., 2000; Kalmokoff et al., 2000; 
Table 1.4). A transcriptional study of a B. fibrisolvens  bglA promoter has been 
performed in E. coli (Lin et al., 1990), but it is unknown whether the transcription start 
site identified in E. coli was the same as the functional start-site in B. fibrisolvens.  
 
Similar situations have been examined in other species. Primer extension (PE) analysis 
has been used to show that transcription of the engB gene was initiated from the same 
start-site in E. coli,  Clostridium acetobutylicum and Clostridium cellulovorans. 
However it was also initiated from additional, multiple and different start-sites 
(Attwood et al., 1994). Similarly, Patek and co-workers (2003) analysis of 6 promoters 
in Cornybacterium glutamicum, Escherichia coli, Streptomyces lividans and Bacillus 
subtilis, showed that all species recognized the same main transcription start-site, but 
different species often recognized additional, multiple and different sites.  
 
To date, only two detailed studies of P. ruminis and closely related species gene 
promoters have been reported: the C. proteoclasticum Bu49 xynA gene studied in P. sp. 
OB156, and the B. fibrisolvens OR77 flaA gene promoter in Pseudobutyrivibrio sp. 
OR85 (Xue et al., 1997; Beard et al., 2000). Study of the flaA dual-promoter primarily 
focused on the interaction between the two promoters (Beard et al., 2000). Site directed 
mutagenesis was used to inactivate either of the two promoter regions, and to examine 
the effect on ermAM gene expression. The effect of single base mutations in regulatory 
regions, on the level of gene expression, was not examined. Elements of promoter 34 
 
recognition regions studied in P. ruminis and closely related species  are described 
below: 
 
-35 element 
In the only study of its kind in P. ruminis and closely related species, manipulation of 
the xynA gene promoter –35 element to resemble the E. coli consensus (TTGACA) 
decreased the production of xynA by 5 fold (Harley and Reynolds, 1987; Xue et al., 
1997). 
 
Interspacer 
Two studies have examined the effect of decreasing the length of the interspacer 
between the -35 and -10 elements. The deletion of a single thymidine  in the xynA 
promoter, to create a 17 bp interspacer in the plasmid pBHX, resulted in a relative 
increase in xynA gene expression (Table 1.6; Xue et al., 1997). Gregg and associates 
(1998) observed similar results by shortening the interspacer of ermAM promoter from 
21 bp to 17 bp in the plasmid pBHf, which significantly increased downstream gene 
expression in P.sp. OR85 (Gregg et al., 1998; K.Gregg pers. comm.). This is the length 
of native E. coli promoters binding the core RNAP/σ
70 factor complex. However, it has 
also been observed that promoters that function in E. coli may initiate transcription in 
some strains of P. ruminis and closely related species while being effectively inactive in 
others (C. Beard and K.Gregg unpublished).  
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Table 1.6   Expression of the xynA under the control of various versions of the C. 
proteoclasticum Bu49 xynA gene promoter in strain P. sp OB156 (Xue et al., 1997). 
 
Plasmid  Original Promoter Sequence  Altered Promoter Sequence  Interspacer 
(bp) 
Relative Xylanase Activity in 
Cells (%) 
  -35 -10 -35 -10   E. coli  P. sp. 
(OB156) 
pBHX TTGCAC  TAATAT  unaltered  18  100  100 
pBHX35    TTGACA  TAATAT  18  523  24 
pBHX17 TTGCAC  TAATAT  unaltered  17  364  145 
pBHMX
* TTGCAC  TAATAT  dual  promoter  17  n.d.  216 
 ATGAAT  TATACT    16     
pBHerm  no xylanase gene  -  -  0  <0.1 
 
* this plasmid contained the mob gene promoter from pUB110 inserted adjacently upstream of the xynA 
promoter (Pxyn) in pBHX to create pBHMX (Xue et al., 1997).  
 
Overall, the current knowledge of B/P. ruminis gene promoters is unlikely to give an 
accurate representation of promoter sequences in this species for two reasons:  
•  too few promoters have been studied, 
•  current knowledge of P. ruminis and closely related species promoters may have 
been biased, because of the nature of the genes studied.  
 
Exogenous Promoters 
Gene promoters isolated from bacteria other than P. ruminis and closely related species 
can be active in this organism. These include promoters within the broad host-range 
plasmid pUB110 (mob and kanR gene promoters) and the ermAM gene promoter (Xue 
et al., 1997; Gregg et al., 1998; Gobius et al., 2002; Table 1.4), although the exact 
regions responsible for gene promotion may not have been defined. For example, the 
kanamycin resistance gene in plasmid pUB110 was expressed in strains H17c, H17c12, 
193, 194, and 195, but the sequence responsible for activity of the kanR promoter  was 
not defined (Zyprian and Matzura, 1986; Clark et al., 1994). 
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Exogenous gene promoters that are functional in P. ruminis may provide insight into 
what DNA-binding motifs are recognized by native RNAP sigma subunits. 
 
Promoters in P. ruminis and Closely Related Bacteria 
Clostridium is the best-characterized genus of bacteria within the same order as B. 
fibrisolvens (Garrity et al., 2001), but gene promoters from Clostridia have not been 
well characterized. Studies have largely focused on the regulation of individual genes or 
operons, rather than identifying general promoter characteristics (Attwood et al., 1994; 
Hammond et al., 1997; Treuner-Lange et al., 1997; Dupuy and Sonenshein, 1998; 
Cheung and Rood, 2000; Johanesen et al., 2001). It has been proposed that Gram-
positive bacterial polymerases were less divergent than those of Gram-negative species 
(Voskuil and Chambliss, 1998). However, in contrast to P. ruminis and B. fibrisolvens, 
Clostridium species form spores, a process that is mediated by various sigma factors 
(Table 1.1). This indicates that, although Clostridium and Pseudobutyrivibrio species 
are closely related, certain aspects of transcription initiation may differ significantly. 
 
1.4 Project Objectives 
The aims of this study were the: 
•  identification of sequences controlling transcription of genes in P. ruminis.  
•  isolation and characterization of “strong” gene promoters in P. ruminis for the 
potential expression of commercially important genes in the rumen. 
  
The study comprised three stages:  
Stage one, development of improved vectors for: 
•  isolation and identification of novel gene promoters from P. ruminis strain 0/10, 37 
 
•  improved screening, in E. coli, for exogenous fragments cloned into P. ruminis and 
closely related species / E. coli shuttle vectors. 
 
Stage two, isolation and characterization of gene promoters from P. ruminis 
strain 0/10, involving: 
•  the isolation of gene promoters from P. ruminis, 
•  the optimization and application of a quick primer extension method for identifying 
transcription start sites. 
 
Stage three, quantitation of promoter activity. This involved: 
•  construction of a vector for reporting gene promoter activity, 
•  measurement of transcript levels resulting from gene promotion, 
•  measurement of enzyme production resulting from gene promotion. 38 
 
Chapter 2 : Materials And Methods 
2.1  Selected Chemicals and Enzymes 
All general chemicals and reagents used were of analytical grade and used without 
further purification. Some selected chemicals and enzymes may vary between different 
manufacturers and the sources used are specified in Table 2.0.  
 
Table 2.0  Sources of important chemicals. 
 
Compounds  Supplier 
Agarose   Promega 
Agar BBL 
Ampicillin Sigma/Roche 
5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside Promega 
Calcium Chloride   Merck 
Calf Intestine Alkaline Phosphatase  Promega 
Calf Thymus DNA Standard  Amersham Biosciences 
Chloramphenicol Sigma/Roche 
Cellobiose  ICN Biomedicals Inc 
Cysteine.HCl Sigma 
dATP, dGTP, dCTP, dTTP  Promega 
Diethyl Pyrocarbonate (DEPC)  Sigma 
Dithiothreitol (DTT)  Promega 
DNA Ligase  Promega 
DNA polymerase (Klenow) Fisher  Biotech 
Erythromycin ICN  Biomedical  Inc. 
DNA sequencing kits  Applied Biosystems 
Ethidium Bromide  ICN Biomedical Inc. 
HEPES buffer  Sigma/Roche 
Hoechst 33258 DNA Intercalating Dye Amersham  Biosciences 
Isopropyl-β-D- thiogalactopyranoside  Sigma 39 
 
Kanamycin Sigma/Roche 
Lysozyme Boehringer  Mannheim   
DNA size marker (λ DNA digested with HindIII)  Fisher Biotech 
DNA size marker (100 bp-ladder)  Promega 
4-nitrophenol (4-NP)  Sigma 
p-Nitrophenyl ß-D-Glucuronide (pNPG)  Fluka 
NuSeive GTG Agarose  FMC Bioproducts 
PCR reaction Buffers and Enzymes  Fisher Biotech 
Proteinase K  Merk 
  
Raffinose Sigma/Roche 
Reverse transcriptase (AMV)  Promega 
Reverse transcriptase (Stratascript)   Stratagene 
RNase ONE™   Promega 
RNasin® Ribonuclease Inhibitor  Promega 
RQ1 RNase-Free DNase   Promega 
Taq DNA Polymerase  Gibco BRL 
Tetracycline Sigma/Roche 
Tris-hydroxymethylaminomethane (Tris) Base  Gibco BRL 
Bacteriological Tryptone & Peptone  DIFCO 
UltraClean™ PCR Clean-up™ Kit  Mo Bio Laboraties, Inc 
Vitamin Solution (RPMI-1640)  Sigma 
Wizard® Plus SV Minipreps DNA Purification 
Systems 
Promega 
Wizard® SV Gel and PCR Clean-up System  Promega 
Xylan (Oats spelt/Birchwood)  Sigma 
Yeast Extract  BBL 
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2.2  Commonly Used Solutions 
 
TE buffer   10 mM Tris.HCl, pH 8.0, 1 mM EDTA 
 
GTE buffer 
(Glucose/Tris/EDTA) 
50 mM glucose 
25 mM Tris.HCl, pH 8.0, 10 mM EDTA 
 
0.5 M EDTA (pH 8)   0.5 M ethylenediaminetetra-acetate,  
(disodium salt) 
pH adjusted to 8.0 with 10 M NaOH 
 
Sodium Hydroxide/SDS solution  0.2 M NaOH 
1% (w/v) sodium dodecyl sulfate in DDI water 
 
3 M Potassium Acetate  60 mL of 5 M potassium acetate 
11.5 mL of glacial acetic acid 
28.5 mL DDI water 
pH 4.8 
 
3 M Sodium Acetate   246 g sodium acetate 
adjust pH to 5.2 with 3M acetic acid 
DDI water to a final volume of 1litre 
 
SDS, 10%  10 g of SDS  
plus DDI water to a final volume of 100 mL 
heated to 68°C or until dissolved 
 
TAE electrophoresis buffer 
(Tris acetate EDTA) 
40 mM Tris Base 
20 mM sodium acetate 
1 mM EDTA (disodium salt) 
pH 8.2 
Prepared as a ×20 concentrate 
 41 
 
TBE electrophoresis buffer 
(Tris borate EDTA) 
134 mM Tris base 
44 mM boric acid  
2.6 mM EDTA (disodium salt) 
pH 8.8 
Prepared as either a ×10 or ×20 concentrate 
 
Gel loading buffer  5 mM Tris.HCl, pH 7.5 
50% (v/v) glycerol 
0.04% bromophenol blue 
 
Ligation buffer  As supplied by Promega or Geneworks 
Restriction enzyme buffer  Buffers  were supplied by the manufacturer of the 
enzyme (generally Promega) 
 
Antibiotics  The concentrations of antibiotic stock solutions were: 
erythromycin, 100 mg/mL; ampicillin, 100 mg/mL; 
kanamycin, 30 mg/mL; chloramphenicol, 34 mg/mL, 
and tetracycline 12 mg/mL. Antibiotic were dissolved 
in a solution for AR ethanol and water, at the ratios of 
7:3 respectively, with the exception of kanamycin, 
which was dissolved in water. The working 
concentrations were erythromycin, 100 µg/mL; 
ampicillin, 100 µg/mL; kanamycin, 30 µg/mL; 
chloramphenicol, 34 µg/mL; and tetracycline, 12 
µg/mL.  
 
Bacterial Cryoprotection solution   50 mL glycerol 
43 mL sterile DDI water 
0.1 mL resazurin (0.1%) 
after autoclaving add 
5 mL sodium carbonate (8%) 
2 mL of cysteine.HCl (2.5%) 
this solution was mixed at a ratio of 1 mL : 1.5 mL of 
bacterial culture 42 
 
 
Or 
 
40% glycerol in RF medium mixed in equal volumes 
with bacterial suspension (final concentration of 
glycerol 20%) 
0.3 M Sorbitol  0.3 M sorbitol 
0.1% resazurin 
After boiling for 15-20 min under a stream of N2/H2 
(96/4), cooled to room temperature, DTT was added to 
a concentration of 1 mM and bottles were sealed 
anaerobically. 
 
SM Buffer  100 mM NaCl 
10 mM MgSO4 
50 mM Tris.HCl, pH 7.5 
0.1 g/L gelatin 
 
CaCl2 Solution  60 mM CaCl2 
15% w/v glycerol 
10 mM PIPES, pH 7.0 
 
Saline  0.89% w/v NaCl 
 
DEPC Treated Saline  Saline was incubated at room temperature 12 h prior 
to autoclaving with 0.1 % (v/v) of Diethyl 
Pyrocarbonate 
Water  Unless otherwise specified, all water used in reagent 
preparations or enzyme reactions was double de-
ionized and ultra-pure. 
 
2.3  Bacterial Growth Media 
All bacterial growth media were autoclaved at 121°C for 30 min.  43 
 
 
Luria-Bertani medium 
(LB medium; Ausubel et al., 
1995) 
1% bacteriological tryptone  
0.5% yeast extract 
0.5% NaCl 
 
Supplemented Luria-Bertani 
medium 
(Supplemented LB medium; 
Ausubel et al., 1995) 
1% bacteriological tryptone  
0.5% yeast extract 
0.5% NaCl 
Autoclaved and filter sterilized supplements  
0.2% maltose and 10 mM MgSO4 were added before use. 
 
Rumen-fluid medium 
(RF medium; Klieve et al., 
1989) 
34 mL DDI water 
16.5 mL of salt solution A 
16.5 mL of salt solution B 
33 mL of clarified rumen fluid 
(clarified by centrifugation at 26 000 × g for 10 min.) 
0.1 g bacteriological peptone 
0.1 g yeast extract 
0.5 g NaHCO3 
0.2 g cellobiose 
0.2 g glucose 
0.1 mL resazurin (0.1%) 
20 mg cysteine-HCl 
(Boiled for 15 – 20 min under a stream of CO2/H2 (96/4), 
cooling, Cysteine-HCl was added and the bottles were sealed 
anaerobically) 
 
Salt solution A (% w/v)  0.3 potassium di-hydrogen phosphate 
0.6 sodium chloride 
0.3 ammonium sulfate 
0.03 calcium chloride 
0.03 magnesium sulfate 
 
Salt solution B (% w/v)  0.3 di-potassium hydrogen phosphate 44 
 
Agar Medium Plates 
                            E. coli 
 
 
 
 
P. ruminis / B. fibrisolvens 
                             
 
 
Agar (1.8% w/v) was dissolved and autoclaved in LB broth. 
When necessary, antibiotics were added after the medium was 
cooled below 50°C. Subsequently the medium was poured into 
petri dishes.  
 
Agar (1.5% w/v) was added to RF medium before autoclaving. 
The solidified medium was remelted and poured anaerobically, 
after the addition of the appropriate antibiotics, at least one day 
before use. Post-transformation top agar/cell mixtures and agar 
plates contained 1% (w/v) agar.  
 
LB Top Agarose  1% bacteriological tryptone  
0.5% yeast extract 
0.5% NaCl 
0.6% agarose 
 
SOC medium  2% bactotryptone 
0.5% yeast extract 
10 mM sodium chloride 
2.5 mM potassium chloride 
10 mM magnesium chloride 
20 mM magnesium sulfate 
20 mM D-glucose 
Both glucose and magnesium chloride were added after 
autoclaving 
 
2.4  Bacterial Strains, Plasmids and Primers Used 
For the majority of work in this study the bacterial strain P. ruminis O/10 was used. 
Linda Kennedy isolated strain 0/10 by culture on rumen fluid medium (RF medium) 
agar plates from the rumen contents of a sheep at the Veterinary farm of Murdoch 
University in Perth, Western Australia. A single colony was picked and examined 
microscopically to confirm is phenotypic similarity to Pseudobutyrivibrio (Table 2.1). 45 
 
The bacterium was erythromycin sensitive at a concentration of 50 µg/µL in both RF 
liquid and agar media, and was shown to be transformable by electroporation with 
plasmids containing the ermAM gene and transformants were selectable on 
erythromycin media.  
 
 Escherichia coli strains used for the manipulation of DNA are also described in Table 
2.1, whilst the plasmids used in this study are described in Table 2.2. The primers used 
for primer extension, cloning, sequencing and PCR protocols are shown in Table 2.3. 
 
2.5  General Methods 
2.5.1  Handling of P. ruminis 
Cultures of P. ruminis were maintained under anaerobic conditions in an atmosphere of 
96% CO2 : 4% H2 unless otherwise specified. Generally the bacteria were grown on RF 
medium as described at 39°C (section 2.3). 
 
2.5.2  Agarose Gel Electrophoresis 
Gels were electrophoresed in TAE or TBE buffer at between 30 V and 110 V. The 
electrophoresis times were determined by the position of the bromophenol blue marker 
dye on the gel. Detection of DNA was by staining in a 1 µg/mL solution of ethidium 
bromide and visualized using UV illumination (peak wavelength 302 nm). The Gel Doc 
1000 system (Bio-Rad) was used in conjunction with Molecular Analyst Software, Ver 
1.4 (Bio-Rad), to visualize and store gel images. 
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Table 2.1  The geno/pheno types of bacterial strains used in this study 
 
 
Species  Genotype and/or Phenotype  Reference 
Escherichia coli     
BM25.8  supE, thi, △(lac-proA,B), [F’ traD36 proA
+B
+lacI
qZ△M15], λimm
434(kan
R), P1(cam
R), hsdR(rK12
- m12
-)  Novagen λSCREEN
TM- EcoRI Arms Kit 
ER1647  F
-,
  fhuA2,  △(lacZ)r1,  supE44,  recD1014  trp31,  mcrA1272::Tn10(tet
R),  his-1,  rps L104(str
R),  xyl7, 
mtl2, metB1, △(mcrC-mrr)102::Tn10(tet
R), hdsS, (rK12
- m12
-)
  
Novagen λSCREEN
TM- EcoRI Arms Kit 
Strain HB101  F-, thi-1, hsd S20, (rB-, mB-), supE44, recA13, ara14, leuB6, proA2, lacY1, rpsL20(str
r), xyl-5, mtl-1, 
λ-, galK2 
(Lacks and Greenberg, 1977) 
Strain K803  hsdS3, mcrA
-B
-  (Raleigh et al., 1988) 
Strain PMC112  supE, hsd, △5, thi △(lac-proA,B), F’[traD36, proA,B
+, lacI
q, lacZ, △M15],mcrA
-B
-  (Gibson, 1984; Peter McCallum Cancer 
Institute) 
Pseudobutyrivibrio 
ruminis 
   
Strain OR38  gram negatively staining, narrow curved rods: approximately 1 µM in length, single polar flagellum, 
ferment a variety of sugars, produce butyric acid, digest xylan, have weak ability to digest cellulose 
(amorphous). 
(Sneath et al., 1986; Forster et al., 1997; 
Gregg, pers. comm., Murdoch University)  
Strain  0/10  as  above  L. Kennedy (pers. comm., Murdoch 
University; section 2.4) 
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Table 2.2 The characteristics of the plasmids used in this study 
 
Plasmid  Description  Reference 
pBHE  pUC118 derivative containing pJF1 for replication in P. ruminis and closely related species; Erm
r  (Beard et al., 2000) 
pBHE-O  pBHE derivative with promoter fragment isolated from P. ruminis strain OR38; Erm
r (Schoep,  1999) 
pUK21  similar to pUC18, containing novel MCS, Km
r and the lacZ under control of a weak promoter.  (Vieira and Messing, 1991) 
pBK1  pBHE derivative containing pUK21; Erm
r; Kan
r This  study 
pBK2 pBK1  derivative; SpeI cut to excise pUK21 MCS  This study 
pBK3  pBK2 derivative; RBS upstream ermAM; with XbaI-SalI-BamHI-NdeI MCS cloned into BamHI site  This study 
pBK4  pBK3 derivative; T4 terminator from pHP45ω upstream of MCS  This study 
pBK5 pBK4  derivative;  deleted  SalI site  This study 
pBK6 pBK5  derivative;  with SalI, StuI, XhoI, BamHI, SacI, HpaI, NdeI MCS cloned into BamHI site  This study 
pBG  pBK2 derivative with, promoterless gusA gene from pFUS1(PstI/XbaI fragment) inserted into PstI/XbaI sites  This study 
pBGT  pBG derivative with terminator and MCS from pBK6 (PstI/NdeI fragment) inserted upstream of gusA gene into PstI/NdeI sites  This study 
pHP45ω  pHP45 plus Sm
r/Spc
r segment from R100.1 plasmid; T4 transciptional/translation terminators; Amp
r  (Prentki and Krisch, 1984) 
pFUS1  pMP220 derivative containing a promoterless gusA gene; Tc
r  (Reeve et al., 1999) 
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Table 2.3  Oligonucleotide primers used in this study. 
 
Primer Label  Sequence (5'→3') 
ErmF or ErmFront  GGGATCCCATGAACAAAAATATAAAA 
ErmT or ErmTail  GCTTAGTGGGAATTTATACC 
Esp Rev1  ATTCTATGAGTCGCTTTTG 
ExoF1 TCAGATGCTACTCGAGGGCGGTGATTTAACCGATGATTTTG 
ExoR1 GATCTGTCTACATATGAATCCTCATCTGCCACGAAATC 
InvPCRpOFow CCGCGAGAGCAGAACACAAGATGAAAT 
InvPCRpORev TCCCTAACCCCTGGAACAAGGCCTATTA 
ItognControlRev ATGTGCGCGGAACCCCTATT 
OR38 F1  TCAGATGCTACTCGAGAGGGGTTAGGGATGTAAATCGTTTA 
OR38 R1  GATCTGTCTACATATGCCGAATCAGTATAAAACTGACTTGT 
PRndeF GATCCATATGAAGAGGAGA 
PRndeR GATCTCTCCTCTTCATATG 
PROM MCS F  GATCGTCGACAGGCCTCGAGGATCCGAGCTCGTTAACA 
PROM MCS R  TATGTTAACGAGCTCGGATCCTCGAGGCCTGTCGAC 
pS12F CGTAATTGGAATATGCCTAG 
pS12F1 TCAGATGCTACTCGAGCATAGTGGAAAATCGTTCTAGTTCT 
pS12R1 GATCTGTCTACATATGTAGGCATATTCCAATTACGTAGCTA 
pS14F GTCATCAGCATAATCACTGC 
pS14F1 TCAGATGCTACATATGCCACATAGCCGATGTGGTATTTTCT 
pS14R1 GATCTGTCTACTCGAGCTATCTTTTCGGCTCCGGAGATTAT 
SP6 Fow  ATTTAGGTGACACTATA 
T7   TAATACGACTCACTATAGGG 
TS1 GTTGAGTACTTTTTCACTCG 
TS10F1 TCAGATGCTACTCGAGAGAACGAGAAGGAGTCTATGAAGAA   
TS10R1   GATCTGTCTACATATGCGCGAGAATTCTGTTCAATGACATA 
TS1RT TGGTTGAGTACTTTTGTCCTCG 
TS1RTb CCAATTTCGTAAACGAGCTCGG 
TS2 TGCTCACCTTGTTCTCATTG 
TS2 Seq  CCGGTGGATGACCTTTTGAATGACC 
TSS1 CGATCAAGGCGAGTTACATG 
TSS2 ATACCGCGCCACATAGCAGA 
TSS3 CAGCGTTTCTGGGTGAGCAA 
Wil3 GAATGCCCACAGGCCGTCGAG 
SYBRGUSR TTGTTCACACAAACGGTGAT 
pS25F2 GATCTGTCTACATATGACCACCATAGATAGGGTTAGTTGAA 
pS25R2 TAGACAGATCCTCGAGGTCATTGCCGTCCTACAAACAATGA 
pS25 TCACCACCTGAACGAGCAAT 
mrsFF1 TCAGATGCTACTCGAGGGGCAGGAATAGGCTTCTTATCTAA 
mrsFR1 GATCTGTCTACATATGCACCCACGTCAAATGTCACACCTTT 
pS29F3 TCAGATGCTACATATGGTGCCTTTGTTTTCTTGTGCTCAAA   
pS29R3 GATCTGTCTACTCGAGTTGGTATCAGCTACGACAGCGATAT 
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Primer Label  Sequence (5'→3') 
pS29 ACCGTAATTCTGATGGATAG 
pS29F2 TAAGCACCCTTCATCTCGTT 
pS29F3b TCCCAGAAATGGTCAATGTC 
pXylAF1 TCAGATGCTACTCGAGTGATGAGTACGAGACCTTTGTTAGA 
pXylAR1 GATCTGTCTACATATGAACTAAGGCAAGTGCCAGTACTCTT 
TSSstd100R ATAACACTGCGGCCAACTTA 
TSSstd200R TCTCAGAATGACTTGGTTGA 
TSSstd300R ACGTTTTCCAATGATGAGCA 
TSSstd391R AAGATGCTGAAGATCAGTTG 
TSSstd472 ATTTCCGTGTCGCCCTTATT 
SYBRGUSF ATCAGGAAGTGATGGAGCAT 
SYBRGUSR TTGTTCACACAAACGGTGAT 
0/10 RT F  GCATAAAGCTTGCTCAATCAATCAC 
0/10 RTR  TAGACACTAAGCCCGAGCATAA 
0/10 RTRmis  TAGACACTAAGCCCGCTTATAA 
DS 0/10 pF  TGCTCGGGCTTAGTGTCTATTTAA 
US 0/10 pF  AGAAGGCGCTGAGGCTGAGGAAAAG 
 
2.5.3  DNA Mini-Preparations 
2.5.3.1  Alkaline Lysis 
This was performed as described by Promega (Doyle, 1996). Briefly, this involved 
harvesting bacterial cells by centrifugation and re-suspension in GTE buffer, alkaline 
lysis with SDS/NaOH, precipitation of SDS by adding potassium acetate, followed by 
the addition of RNase, phenol/chloroform extraction and ethanol precipitation. 
Modifications to the method include:  
•  that the cell lysis solution (SDS/NaOH) was not prepared fresh for every procedure,  
•  GTE buffer was used at room temperature, 
•  the initial centrifugation, to pellet cells, was at 21 000 × g for 3 min,  
•  all subsequent centrifugation was at 21 000 × g. 
 
DNA was also prepared using the Promega Wizard
®  Plus SV Minipreps DNA 
Purification System. This system involves essentially the same methodology as alkaline 50 
 
lysis, with the phenol/chloroform extraction replaced by a membrane-binding 
purification system. 
 
2.5.4  Medium Scale Preparation of Plasmid DNA 
Performed as described by Ausubel and associates (1995), the methodology was as 
described in section 2.5.3.1. However, lysozyme was added prior to alkaline lysis. 
Numerous alterations to this method were made to scale down the procedure (Ausubel 
et al., 1995): 
1.  Cells were initially centrifuged for 10 min at 4355 × g.  
2.  The resulting pellet was resuspended in 0.5 mL of GTE buffer. 
3.  100 µL of 25 mg/mL egg white lysozyme was used. 
4.  2 mL of NaOH (0.2M) / SDS (1% w/v) solution was used.  
5.  2 mL of 3 M potassium acetate (pH 4.8) was added and the mixture centrifuged to 
pellet cellular debris after the potassium acetate step, at 3000 × g for 10 min.  
6.  The supernatant was transferred to micro-centrifuge tubes and re-centrifuged at 18 
000 × g, for 5 min. 
7.  The final solution was phenol extracted either once or twice, as required (Doyle, 
1996). Phase separation spins were at 18 000 × g for 5 min or at 3000 × g for 7 min.  
8.  5  µL of 10 µg/µL DNase free RNase was added either to the final solution of 
plasmid DNA, or to the solution just prior to phenol extraction, and allowed to stand 
at room temperature for at least 5 min. 
 
Due to the large volume of DNA solutions obtained after phenol extraction, ethanol 
precipitation was often replaced by isopropanol precipitation. This involved the addition 51 
 
of 0.6 vol of isopropanol, standing for 10 min at room temperature, followed by 
centrifugation at 18 000 × g for 5 min.  
 
2.5.5  Ethanol Precipitation 
DNA was precipitated by the addition of 0.1 volume of 3 M sodium acetate and 2.5 – 3 
volumes of ice-cold ethanol. Samples were chilled at -20°C for at least 5 min, and 
centrifuged at 21 000 × g for 5 min. The supernatant was discarded and the pellet rinsed 
in ice-cold 70% ethanol. This was followed by re-centrifugation for 2 min, the 
supernatant was discarded and the pellet was re-dissolved in TE buffer or water. Where 
small amounts of DNA were to be recovered, precipitation mixtures were chilled at -
70°C for up to 1 h.  
2.5.6  Butanol Precipitation 
Butanol precipitation of DNA was found to be useful for recovering DNA from ligation 
reaction mixtures, to prevent ionic components of the ligation reaction from interfering 
with the process of electroporation. Precipitation involved: 
1.  The addition of water to make a post-ligation volume of 50 µL. 
2.  Addition of 500 µL of butanol, and chilling on ice for 40 min. 
3.  Centrifugation for 30 min at 21 000 × g, after drying, pellets were redissolved in 
water. 
 
2.5.7  Bacterial Genomic DNA Preparations 
Bacterial genomic DNA was prepared described by Woods and associates (1989), 
which basically was as follows: 52 
 
1.  To inactivate endogenous nucleases, 5 mL of rumen bacterial culture was heated at 
85°C for 15 – 20 min.  
2.  Cells were centrifuged at 3000 × g for 5 min, the supernatant discarded, the cells 
were washed in TE buffer, re-centrifuged, and resuspended in 0.5 mL TE buffer (pH 
8).  
3.  Lysozyme was added to a final concentration of 1 mg/mL, and incubated at 37°C for 
20 – 30 min.  
4.  100 µL of 10% SDS was added, RNase to a final concentration of 1 µg/mL, and the 
solution was incubated at 37°C for 20 – 30 min. 
5.  10  µL of Proteinase K (10 mg/mL) was added and samples were incubated 
overnight at 55°C. 
6.  The solution was phenol/chloroform extracted as described by (Doyle, 1996), after 
which an equal volume of di-ethyl ether was added to the aqueous phase, mixed 
vigorously, and allowed to stand for 10-30 min at 37°C. The sample then was 
centrifuged at 18 000 × g for 5 min and the aqueous phase retained. 
7.  2 volumes of ethanol was added and the mixture allowed to stand for 10 min. at 
room temperature before centrifugation at 18 000 ×  g. The resulting pellet was 
rinsed in 70% ethanol at room temperature for 10 min and finally re-centrifuged. 
The pellet was dried and redissolved in TE buffer. 
 
2.5.8 DNA Extraction From Gels and Solutions 
Extraction of DNA from agarose gels was performed according to manufacturers 
instructions for the UltraClean™ 15 Kit. Briefly, this involved: the addition of a NaI 
solution, which allows the binding of DNA to a silica matrix, washing to remove 53 
 
impurities, and final elution of DNA in TE buffer. Often, an additional centrifugation 
was performed on the final DNA solution, to remove residual silica.  
 
As an alternative to the UltraClean 15 kit, the Wizard
® SV Gel and PCR Clean-up 
System was used. This kit was used preferentially for the purification of DNA from 
PCR and reactions for dephosphorylation of DNA 5’ termini. Purifications were 
performed using a vacuum manifold as described by the manufacturer. Essentially the 
method used a combination of suspended and solid phase silica matrices to 
preferentially bind and purify DNA. 
 
2.5.9  Dephosphorylation of DNA 5' Termini 
Dephosphorylation was performed as described by Doyle (1996). Briefly, the DNA was 
incubated with calf intestine alkaline phosphatase (CIAP; 0.01 U/pmole of ends) for 30 
min at 37°C, followed by the addition of 0.01 U of enzyme and a second, identical 
incubation. The following modifications to this method were made: 
1.  To stop the CIAP reaction 4 µL of 0.25 M EDTA was added. 
2.  DNA was purified by phenol/chloroform extraction, as described by Doyle (1996), 
or using a Wizard
® SV Gel and PCR Clean-up System (section 2.5.8). 
3.  Ethanol precipitation was performed as described in section 2.5.5.  
 
2.5.10 DNA “Blunt Ending” or “End Polishing” Reaction 
This reaction was used to modify cloning vectors with 5’ overhanging termini for blunt 
end ligation. This was performed as described by Doyle (1996). Briefly, dNTPs and 
Klenow fragment DNA polymerase were added to the DNA, incubated at 37°C for 10 54 
 
min, and the enzyme inactivated by heating at 70°C for 5 min. The DNA was purified 
as described in section 2.5.8. 
 
On PCR products, where a 3’ overhanging base was present, the DNA was incubated 
with Klenow polymerase for 10 min before adding the dNTP mixture to allow the 3’-
exonuclease activity to remove the 3’ overhang. The addition of dNTPs allowed the 
polymerase to fill any recessed 3’ termini, resulting in a blunt-ended DNA molecule. 
 
2.5.11 Restriction Endonuclease Reaction 
Restriction enzyme reactions were generally performed using the buffer and reaction 
conditions recommended by the manufacturer. Occasionally buffers obtained from a 
manufacturer other than the source of the restriction enzyme were used. 
 
2.5.12 DNA Ligations 
Ligation of DNA was performed using T4 DNA ligase. A typical ligation reaction had a 
fragment ratio of insert to vector of ~ 3:1. The amount of insert used varied from 
approximately 35 – 60 ng. All ligations contained 5 U of ligase, the appropriate volume 
of 10× ligation buffer, insert and vector. Reactions involving DNA molecules with 
overhanging termini or "sticky-ends" proceeded for at least 3 h at room temperature. 
Blunt-end reactions were incubated overnight at 14°C. Ligations were often butanol 
precipitated (as described in sections 2.5.6) and dissolved in an 5µL of water.  
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2.5.13 Bacterial Transformations 
Transformation of bacteria with plasmid DNA was usually by electroporation, using a 
Bio-Rad Gene Pulser II, with pulse controller and capacitance extender. To maximize 
the transformation efficiency for each bacterial species, bacteria were prepared for 
electroporation by different methods. Electroporation settings are shown in Table 2.4. 
Table 2.4   Electroporation settings for transformation of Escherichia coli and 
Pseudobutyrivibrio ruminis. 
 
Characteristic  E. coli  P. ruminis 
by-pass resistance (Ohms)  200   200 
capacitance (µFD) 25  or  10  25 
cuvette path length  2 mm  1 mm 
kV 2.5  1.5 
 
2.5.13.1  Transformation of Pseudobutyrivibrio ruminis  
Cells were harvested for transformation immediately before use. Optical density was 
determined by eye, to avoid delays inherent in precise measurement of absorbance. 
Often the final density of the culture was partially attributable to extracellular 
polysaccharide (EPS), which interfered with the sedimentation of cells (Beard et al., 
1995). The formation of EPS, associated with mid log phase growth, was avoided by 
allowing cultures to grow for approximately 16 h.  
 
Cells were prepared using a variation of the method described by Beard and associates 
(1995). Transformations were performed in an atmosphere of 96% N : 4% H2.  
1.  P. ruminis cultures (40 mL) were chilled by swirling in an ice slurry. 
2.  Transfered to a chilled 40-mL Sorvall centrifuge tube. 56 
 
3.  Centrifuged for 10 min. in a Sorvall RC-5 Superspeed Centrifuge (HB-6 rotor) at 
6000 rpm at 4°C. For cultures containing large amount of EPS the initial 
centrifugation was at 9000 rpm. 
4.  The supernatant was discarded and the cells resuspended in ice-cold 0.3 M sorbitol. 
5.  The cell suspension was centrifuged, as in step 3. 
6.  The cell pellet was resuspended in 100-200 µL of ice-cold 0.3 M sorbitol and 40-µL 
aliquots were transferred to cold 1.5-mL micro-centrifuge tubes. 
7.  Cells were mixed, by aspiration, with 1 – 2 µL of DNA in a micro-centrifuge tube.  
8.  The mixture was transferred to a chilled 1-mm cuvette and pulsed at 1.5 – 2 kV.  
9.  Electroporated cells were diluted with room temperature culture medium and 
transferred to Hungate tubes containing a 96% CO2 : 4% H2 atmosphere.  
10. The cells were incubated at 39°C for 2.5 – 3 h, 1.5 mL of molten RF-agar (45°C) 
was added to the cells, mixed and poured onto RF-agar plates containing 100 µg/mL 
erythromycin. The plates were incubated at 39°C. 
 
During the preparation for transformation, when possible, cells, cuvettes and DNA were 
kept in an ice-slurry to minimize the effects of transient heating caused by 
electroporation. 
 
2.5.13.2  Transformation of Escherichia coli  
Transformation by Electroporation 
1.  Cells were grown in 500 mL of SOC or LB medium, with a final concentration of 
0.2% glucose and harvested when the optical density, A600nm, was between 0.3 – 0.8.  
2.  Cultures were centrifuged at 3800 × g for 10 min at 4°C and the pellet resuspended 
in 1 vol (equal to that of the original culture) of ice-cold sterile DDI water. 57 
 
3.  The cell suspension was re-centrifuged, rewashed in 0.5 vol of ice cold sterile DDI 
water, followed by centrifugation at 3800 × g for 10 min. at 4°C.  
4.  The pellet was resuspended in 20 mL of sterile, ice cold, 10% glycerol (v/v), and re-
centrifuged at 5927 × g for 10 min. at 4°C.  
5.  Final re-suspension of the cells was in 10% glycerol, to a final volume of 1.5 mL. 
Aliquots of 50 µL were placed into micro-centrifuge tubes, snap frozen in liquid 
nitrogen and stored at -72°C until needed. 
 
For electroporation: 
1.  Competent cells were mixed with DNA, transferred to a 2-mm path-length cuvette, 
pulsed at 2.5 kV, and room temperature LB medium was added to the cuvette. 
2.  The bacteria were transferred to an incubation tube with total medium volume of 1 
mL and allowed to incubate for 1 h at 37°C. 
3.  Routinely, 0.05 – 1.0 mL of the incubation suspension was spread evenly onto an 
LB -agar plate containing the appropriate antibiotic and incubated at 37°C. 
 
Bacterial Transformation by Heat Shock 
Competent cells for heat-shock transformation were prepared as described by Ausubel 
et al. (1995). The procedure was performed as follows: 
1.  At an OD600 of approximately 0.4, the culture was chilled and cells were harvested 
by centrifugation at 4°C for 7 min at 1600 × g . 
2.  Cells were suspended in 0.25 × culture volume of cold CaCl2 Solution (section 2.2).  
3.  The cells were re-centrifuged, resuspended in the same volume of cold CaCl2 
Solution, and left on ice for 30 min. 
4.  Finally the cells were pelleted, resuspended in 16 mL of CaCl2 Solution, and 100-µL 
aliquots were snap frozen in liquid nitrogen and stored at –80°C.  58 
 
 
For transformation: 
1.  DNA was mixed with 100 µL of cells and chilled on ice for 30 min. 
2.  Cells were heat-shocked at 42°C for 2 min, then returned to ice for 4 min. 
3.  The bacteria were transferred to 1 mL of recovery medium (LB) and incubated for 
1h at 37°C to express plasmid genes. 
4.  Between 0.05 – 1.0 mL of the incubation suspension was spread onto an LB-agar 
plate containing the appropriate antibiotic and incubated at 37°C. 
 
2.5.14 Polymerase Chain Reaction (PCR) 
PCR mixtures all contained the basic components described by Eckert and Kunkel 
(1990). Either Taq or Pfu polymerase was used for PCR, with buffers supplied by the 
enzyme manufacturer. Unless specified otherwise, uniform incubation temperatures and 
times were used for the reactions (Table 2.5). Amplification was performed using 
Perkin-Elmer thermal cyclers, models Gene Amp 9600 or 2400 or an Eppendorf 
Mastercycler Gradient thermocycler. 
(Eckert and Kunkel, 1990) 
Table 2.5  The thermal cycle characteristics for PCR 
 
Cycles 1  25 1 
Temperature (°C)  95  94  55-65
*  72 72 15 
Duration (sec.)  300  60  30  60
# 420  - 
 
- the period of time at this temperature was highly variable, but no more than 13h. 
*this temperature varied according to the specificity desired of the primers 
# extension time varied according to the length of the PCR product being amplified 
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In general, extension of 1 kb products from Taq and Pfu polymerases used 1 and 2 
minutes extensions respectively. When PCR products were to be used for sequencing, 
the concentration of dNTPs was halved to decrease amplification errors (Eckert and 
Kunkel, 1990) or the proof-reading enzyme Pfu polymerase was used. 
 
Primers were designed by selection of appropriate DNA regions without computer 
assistance, unless otherwise specified, with the following characteristics. 
 
length  18 – 25  
% G+C  40 – 60  
Tm (°C)  55 – 65  
3' terminus  no more than a total of 3 G’s or C’s in the last 5 bases. 
 
Unless otherwise specified the formula used for the calculation of Tmelting was: 
Tm = 22 + 1.4(n + n
G+C) 
where n is the number of bases and n
G+C is the sum of G and C residues  
 
2.5.15 Screening E. coli and P. ruminis Colonies for Plasmid 
Colonies were touched with a sterile toothpick, taking care to avoid any untransformed 
satellite colonies, which often arose on ampicillin plates. Cells were transferred to LB 
plates, containing the appropriate antibiotic, for growth and storage. The same toothpick 
was "swizzled" in a PCR reaction mix on ice. After amplification, PCR products were 
analyzed by gel electrophoresis (section 2.5.2). 
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2.5.16 DNA Sequencing Reaction 
Sequencing reactions were performed in a 10 µL volume, containing 4 µL of ABI 
PRISM Dye Terminator Cycle Sequencing Ready Reaction Mix (rhodamine or Big Dye 
based chemistries). The amount of template DNA added to the reaction mix varied 
according to the nature of the DNA and sequencing chemistry used. 3.2 pmoles of 
primer was added to each reaction. Generally, less template was required when 
sequencing with Big Dye chemistry. Cycle sequencing was performed using a Gene 
AMP thermocycler (model 9600) and the thermocycle conditions shown in Table 2.6. 
 
In preparation for electrophoresis, samples were ethanol precipitated, as 
recommmended by Perkin-Elmer, and analyzed using an ABI 373 or 377 Sequencer, 
within the State Agricultural Biotechnology Centre (SABC) Sequencing facility. 
Sequencing data were processed using Bioedit software (Hall, 1999). 
Table 2.6  Thermal cycle conditions for dye terminator cycle sequencing reactions 
 
Cycles 1
* 25 1 
Temperature (°C)  96  96  50-55  60  15 
Duration (sec.)  120  10  5  240  - 
 
* incubation unique to sequencing with Big Dye chemistry 
- the period of time at this temperature was variable, but no more than 13h. 
 
2.5.17 Protein Quantification 
Protein concentration was measured using the BCA Protein Assay Kit (Pierce). The 
general principle used in this kit was: 
     OH- 
Protein (peptide bonds) + Cu
+2                 tetradentate-Cu
+1 complex 
 
Cu
+1 + 2 Bicinchoninic Acid (BC)                BCA-Cu
+1 complex 61 
 
Absorbance was measured at 595nm.  
 
The microtitre plate protocol was used for most analyses, which involved mixing 
working reagent and diluent with protein standards or unknown samples, followed by 
vigorous mixing in the Bio-Rad Model 3550-UV Microplate reader for 30 seconds, 
incubation at 37°C for 30 min, another 10 s mixing and absorbance reading at 595 nm. 
All absorbance measurements were standardized by subtracting measurements from a 
negative reference reaction containing saline. Protein concentration was calculated from 
a standard curve that was constructed using bovine serum albumin (BSA; Figure 2.0). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.0  Typical standard curve used in protein assays, showing the relationship 
between concentration of bovine serum albumin and absorbance at 595 nm. 
 
It was noted that the BCA Protein Assay system exhibits a variable response to different 
proteins depending on differences in amino acid sequences, pI, and the presence of 
certain side chains or prosthetic groups. However, corrections could not be made 
because the nature and content of proteins in P. ruminis is unknown. 
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2.5.18 Total RNA Extraction  
Total RNA was extracted from P. ruminis and E. coli, using a hot, acidic phenol method 
described previously (Kalmokoff et al., 1999), with some modifications. E. coli cells 
were harvested at an OD600 of approximately 1.0. P. ruminis cultures were harvested 
after 6-10 h of growth. The method was performed as follows: 
Procedures unique to P. ruminis are annotated *:  
1. 
*A 2.5% (v/v) inoculum from a glycerol stock was used to start a culture and grown 
at 39°C for approximately 2 days. 
2. 
*From the 2 day culture, 2.5% (v/v) inoculum was added to pre-warmed medium to 
create a starter culture. 
3. 
*After approximately 20 h growth, a 2.5% (v/v) inoculum was added to pre-warmed 
medium, and the culture was grown for 6 – 10 h. 
4.  This 5 – 10 mL culture was transferred to a pre-chilled centrifuge tube. 
5.  The cell suspensions were centrifuged at 20 000 × g for 10 min at 4°C.  
6.  The pellet was resuspended in approximately 20 mL of chilled 0.89%, DEPC treated 
saline and re-centrifuged at 20 000 × g for 5 min at 4°C. 
7.  The supernatant was discarded and the pellet resuspended in 350 µL of chilled 
RNase-free water.  
8.  200 µL of the cell suspension was aliquoted into each of two micro-centrifuge tubes 
9.  400 µL of chilled 50 mM Na Acetate (pH 4.7) was added, and mixed by inversion. 
10.  Immediately after mixing, 800 µL of phenol was added to the tubes and the samples 
were mixed for 30 s by inversion, and incubated at 55°C for 5 min. 
11. The two phases were separated by centrifugation at 21 000 × g for 5 min and the top 
phase was retained 
12. Steps 6-7 were repeated once. 63 
 
13. To the aqueous phase, 400 µL of chloroform was added, followed by inversion 
mixing for approximately 30 s. 
14. The two phases were separated by centrifugation and the top phase was retained. 
15. The samples were ethanol precipitated by adding 3 volumes of ethanol, chilled at 
−70°C for 1 – 16 h, and RNA was collected by centrifugation (as in section 2.5.5). 
16. The RNA was redissolved in 10 – 15 µL of RNase-free water and 1 µL was 
electrophoresed to determine the integrity of the RNA. Concentration was 
determined by spectrophotometric analysis.  
 
All tubes, vessels or reagents were either purchased nuclease free or treated with a 
0.01% solution of diethyl pyrocarbonate (DEPC) for 12 h at 37°C prior to autoclaving 
in a sealed plastic autoclave bag containing DEPC treated water.  
 
RNA integrity was assessed by agarose gel electrophoresis (section 2.5.2), using the 
ratio of intensities of the 23S and 16S ribosomal RNA bands.  
 
2.5.19 Measurement of DNA concentration using 
Spectrophotometry 
Spectrophotometry was used to determine RNA and DNA concentrations using a Perkin 
Elmer Lambda 25 UV/VIS spectrophotometer to produce a spectrum 220 to 320 nm. 
Quantification of DNA and RNA used the formulae: 
 
Absorbance(260nm) × 50 (DNA) or 40 (RNA) = DNA/RNA µg/mL 
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Spectral analysis also allowed contaminating molecules such as phenol and protein, to 
be detected.  
 
2.5.20 Statistical Tests 
Statistical tests used included the Wilcoxen Matched-Pairs Signed-Ranks Test, two-
tailed Student’s T-test, Analysis of Variance (ANOVA), and Tukey-Kramer Honestly 
Significant Difference (HSD) Comparisons of Means Test. For each test it was assumed 
that the populations were normal and variances were equal. Analysis of variance, as 
described by Box and associates (1978), was performed using an online ANOVA 
calculating page
1.  
 
2.5.21 General Computer Analyses  
2.5.21.1 Searching for Conserved Motifs 
Searching for DNA motifs was performed with the programs AlignAce
2 (Ver. 3.0; 
Hughes et al., 2000) and MEME
3 (Ver. 3.0; Bailey and Elkan, 1994), settings are shown 
in Table 2.7. These programs represent a Gibbs sampler and a local search based on 
Expectation maximization respectively. They were used to find conserved motifs that 
were not recognizable using conventional manual or computational alignment methods.  
 
 
 
 
                                                 
1 Analysis of Variance from Summary Data, http://members.aol.com/johnp71 /anovasm1.html referenced 
within the Interactive Statistical Calculating Pages web site: http://StatPages.net 
2 http://atlas.med.harvard.edu/cgi-bin/alignace.pl 
3 http://meme.sdsc.edu/meme/website/meme.html 65 
 
Table 2.7  MEME and AlignAce settings used to analysis P. ruminis gene promoter 
regions for potentially common motifs. 
 
Description  Settings 
   
MEME  
Motif distribution  1-3: analysis of multiple sequences 
3: analysis of single sequences 
Distribution of motif occurrences  Any number of repetitions 
Number of different motifs  5 
Minimum motif width  4 
Maximum motif width  50 
   
AlignAce  
Number of columns to align   6 and 10 were performed 
Number of sites to expect   10 
Fractional background GC content   0.4
□ 
 
□ The default background setting was 0.38. However, analysis of total of 34 strains of Butyrivibrio and 
Pseudobutyrivibrio ruminis by Kopecny and associates (2003) determined the mean G+C content of P. 
ruminis to range between 40-44 mol%. Hence a background G+C content value of 0.4 was chosen 
 
2.5.21.2 Searching for Palindromes 
Transcription terminating structures have been characterized as containing a stem of 5-
30 bp, with up to 3 mismatches, and a bulb of 3 – 9 bases (Unniraman et al., 2002). 
Similar parameters were used here to search for hairpin structures, allowing a minimum 
stem length of 10 bp, and 2 mismatches within the stem. Analysis for palindromic 
sequences used default settings
4 of the program Palindrome (Rice et al., 2000).  
 
                                                 
4 http://bioweb.pasteur.fr/seqanal/interfaces/palindrome.html  66 
 
Chapter 3 : Promoter Rescue Plasmid 
Construction 
3.1 Introduction 
Gene promoters can by isolated by either directed or non-directed methods. An example 
of the directed approach was described by Kalmokoff and colleagues (Beard et al., 
2000; Kalmokoff et al., 2000), using southern blot analysis to isolate promoter regions 
based on their nucleotide homology to other, well-characterized organisms. A non-
directed approach may use a promoter rescue plasmid to isolate promoters on a pseudo-
random basis. The non-directed identification of gene promoters was the initial focus of 
this study, because it did not assume that P. ruminis promoter structure is similar to that 
of other organisms. 
 
3.1.1 The Promoter Rescue Plasmid pBHE 
Promoter rescue plasmids, alternatively termed promoter probe vectors (Patek et al., 
1996), are designed to express a selective marker gene only if an inserted DNA 
fragment has promoter activity. Inserting chromosomal DNA fragments upstream of the 
reporter gene effectively "rescues" promoters from a diverse population of fragments.  
 
The promoter rescue plasmid initially used in this study, pBHE, was used to study the 
structure and function of a flagellin gene promoter from Pseudobutyrivibrio sp. OR77 
(Beard et al., 2000; Figure 3.1). The shuttle plasmid pBHE can be transferred to both E. 
coli  and P. ruminis and closely related species. It is composed of the cryptic 
Pseudobutyrivibrio sp. plasmid, pRJF1 (2.631 kbp), the E. coli plasmid pUC118 (3.162 67 
 
kbp) and a ~2 kbp fragment of DNA containing the erythromycin resistance gene 
(ermAM) from the broad host range plasmid pAMβ1, which was originally isolated 
from  Streptococcus faecalis (Beard et al., 2000).  In this study, variants of plasmid 
pBHE were used to isolate and characterize previously unidentified gene promoters 
from P. ruminis.  
 
Although the complete DNA sequence of pBHE has been determined, the functional 
components are yet to be fully understood. This was illustrated by Beard and associates 
(2000) who observed that the introduction of mutations within the –35 and –10 regions 
of the flaA gene promoter eliminated significant expression of the ermAM gene, while 
the deletion of a further 400 bp, within the pRJF1 region, increased expression of the 
ermAM gene over that obtained with the native flaA promoter (C. Beard, unpublished). 
This suggested that the deleted region may have contained sequences that controlled 
plasmid copy number, or may have contained a transcriptional terminator that normally 
prevented read-through transcription of the ermAM gene from plasmid promoters 
upstream of the flaA promoter.  
 
Plasmid pBHE was considered unsuitable for this study, because it did not contain a 
ribosome-binding site (RBS) upstream of the reporter gene. As a result, only promoter 
fragments carrying a functional RBS at the correct location could be certain to activate 
the selective marker gene. This deficiency was thought likely to result in low efficiency 
of promoter isolation. This chapter describes the use of plasmid pBHE as a basis on 
which to construct a series of improved promoter rescue vectors. 
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3.2 Methods 
3.2.1  Reverse Transcriptase Polymerase Chain Reaction 
(RT-PCR) 
Reverse transcriptase-PCR (RT-PCR) is a highly sensitive technique that can be used to 
detect the presence of RNA transcripts (Koo and Jaykus, 2000) by first, producing 
cDNA from an RNA template, then amplifying cDNA to detectable levels using PCR. 
The products of non-quantitative RT-PCR reactions are analyzed using agarose gel 
electrophoresis.  
 
To reduce or eliminate false positive signals, where RNA preparations might contain 
contaminating traces of DNA, primers with template-mismatches at the 3’ terminus 
were used in the reverse transcription reaction (Koo and Jaykus, 2000). The low 
temperature of the reverse transcriptase reaction allows the binding of a “mismatched” 
primer to the target site on the mRNA, while any contaminating DNA remains double 
stranded, preventing primer / DNA interactions. Since all cDNA products contain the 
“mismatched” sequence, this reverse transcript is termed “mismatched” cDNA. The use 
of the same “mismatch” primer in subsequent PCR reactions ensures amplification from 
the “mismatched” cDNA template, and prevents amplification from contaminating 
DNA.  
 
In this study the 5
th, 6
th and 7
th bases upstream of the 3’ end of the primers used to 
initiate reverse transcription were altered to create a “mismatch” primer. The annealing 
temperatures at which a “mismatch” primer annealed specifically to “mismatched” 
cDNA were identified by thermo-gradient PCR, using the Eppendorf Mastercycler 
Gradient thermycycler (Table 3.0). Positive control template for gradient PCRs was 69 
 
produced by PCR, using an annealing temperature of 45°C. The resulting PCR product 
contained a fully complementary binding site for the “mismatch” primer. 
 
Table 3.0  Temperatures at which PCR amplification of reverse transcription products 
were performed for different primer sets. 
 
Primer Combination  Annealing Temp for PCR (°C) 
ErmF & ErmT  64 
TS1RT & InvPCRpOFow  64 
TS1RT + TS2  64 
TS1RT + US 0/10 pF  68.7 
TS1RT + DS 0/10 pF  68.7 
TS1RT + TS2Seq  68.7 
TS1RTb + US 0/10 pF  72 
TS1RTb + US 0/10 pF  72 
0/10 RT F + 0/10 RTRmis  71 
 
RT-PCR was used to investigate whether transcription could be initiated upstream of 
potential promoter sequences in plasmids pBK3 and pBK5 (sections 3.3.3., 3.3.3.1) 
using RNA from a 10 h culture of P. ruminis strain 0/10, containing these plasmids. 
 
To minimize DNA contamination of RNA preparations, 50 µg of total RNA was treated 
with 3 U of RQ1 RNase-Free DNase, in DNase 1× reaction buffer, in a 100 µL reaction 
volume. The reaction was incubated for 40 min at 37°C, followed by hot acidic phenol 
extraction as described in section 2.5.18. Quantity and quality of RNA were assessed by 
spectrophotometry and agarose gel electrophoresis respectively. Each 25-µL reverse 
transcription reaction contained: 10 µg of DNase treated total RNA, 0.2 µM primer, 1 × 
reaction buffer (supplied), 0.2 mM each of dATP, dCTP, dGTP, and dTTP, 20 U RNasin 
ribonuclease inhibitor and 30 U of AMV reverse transcriptase. Reactions were incubated 70 
 
for 1 h at 42°C. Approximately 4% of the reverse transcriptase reaction product was 
added to the subsequent PCR reactions. 
 
False RT-PCR results, due to any reverse transcriptase-like activity of Taq polymerase, 
were minimized by treating the reverse transcriptase reaction products with 0.5 µL of 
ribonuclease I “A” (10 mg/mL; Chandler et al., 1998).  
 
3.2.2 Phylogenetic Classifications 
To classify P. ruminis 0/10, published 16S rRNA sequences from GenBank and EMBL 
were aligned using Clustal X, a windows interface for ClustalW (Thompson et al., 
1997). Phylogenetic analyses were conducted at BioManager.com, provided by 
ANGIS
5, and using the package PHYLIP (Felsenstein, 1989). Sequence data for 
distance matrices was bootstrapped using the program SEQBOOT (re-sampled 1000 
times). The program DNADIST program was used to analyze distances using the 
Kimura-Nei method (Kimura, 1980). Settings were as follows: transition/transversion 
ratio of 2.0, empirical base frequencies, and a co-efficient of variation of 1. Trees were 
produced from the distance matrices using the neighbor joining method (Saitou and Nei, 
1987) and a consensus tree was generated using the program CONSENSE (Felsenstein, 
1989). Bar: 10 substitutions per 100nt. Consensus tree was drawn using the online 
program Phylodendron, developed by D. G. Gilbert
6 . 
 
                                                 
5http://www.angis.org.au 
6http://iubio.bio.indiana. edu/treeapp/treeprint-form.html 71 
 
3.3  Results 
3.3.1 Phylogenetic Classification of P. ruminis 0/10 
The phylogenetic classifications of Pseudobutyrivibrio ruminis 0/10 and OR38 were 
based on their morphology as a narrow, curved rod, with a polar flagellum, 
approximately 1 – 1.5 µm in length, and on the close similarity of 16S rRNA sequences 
to those of previously studied species of Pseudobutyrivibrio (Figure 3.0). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.0   Phylogenetic tree showing the relationships between the 16S rDNA 
sequence of Pseudobutyrivibrio ruminis strains OR38 and 0/10. Accession numbers and 
strain designations are shown. Strain OR38 has identical 16S rDNA sequence to that of 
OR35, shown in the tree (pers. comm. Robert Forster, Agriculture and Agri-Food 
Canada). Both OR38 and 0/10 are highlighted in the tree. 
 
Clostridium oroticum ATCC 
Butyrivibrio crossotus NCDO 
Pseudobutyrivibrio OB156
Psudobutyrivibrio NCDO 2397 
Pseudobutyrivibrio xylanivorans Mz5 
Pseudobutyrivibrio H10b 
Pseudobutyrivibrio 49 
Pseudobutyrivibrio ruminis DSM 
Pseudobutyrivibrio OR35
Pseudobutyrivibrio 0/10
Pseudobutyrivibrio xylanivorans 
Pseudobutyrivibrio JK 626 
Pseudobutyrivibrio JL5
Pseudobutyrivibrio NCDO 
Unidentifed butyrate-producing bacterium T1-815 
Unidentifed butyrate-producing bacterium L1-83
Unidentifed butyrate-producing bacterium L1-8101 
Roseburia cecicola ATCC 
Butyrivibrio fibrisolvens C211 
Butyrivibrio hungatei NCDO 
Butyrivibrio NCDO 2434
Butyrivibrio hungatei NCDO 
Butyrivibrio hungatei JK 615
Clostridium proeoclasticum UC 
Butyrivibrio NCDO 2432
Butyrivibrio H17c
Butyrivibrio fibrisolvens ATCC 
Clostridium proteoclasticum
Eubacterium rectale ATCC 72 
 
3.3.2 Construction of Promoter Rescue Plasmids 
Promoter rescue plasmid pBHE (Figure 3.1) was altered through a series of construction 
stages. 
 
Figure 3.1   The characteristics of the promoter rescue plasmid pBHE. A number of 
restriction sites are shown, which were important in the construction and modification 
of pBHE. Any potential promoter fragment is inserted between the BamH1 site in the 
multiple cloning site and the BamH1 site at position 149 bp. 
 
First, the pUC118 section of pBHE, containing the ampicillin resistance gene, was 
replaced with pUK21 which carried a kanamycin resistance gene (kanR) to avoid the 
satellite contaminants that sometimes occurred with ampicillin selection, and to 
incorporate an alternative multiple cloning site (MCS) upstream of a β-galactosidase 
gene for the selection of recombinant plasmids using “blue/white” selection techniques. 
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The pUC118 segment was excised from pBHE using the restriction enzymes BglI and 
SacI. The resulting fragments were end-filled with Klenow fragment DNA polymerase 
to create blunt ends and the remainder of pBHE (~3.7 kbp) was ligated to pUK21 (~3 
kbp), which had been digested with AclI and end-filled. Ligation products were 
transferred to E. coli strain HB101 by electroporation and selected using both 
kanamycin and erythromycin. This plasmid was termed pBK1 (Figure 3.2).  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2  Diagrammatic representation of the construction of the plasmid pBK1. 
Plasmid illustrations are not to scale. 
 
Plasmid pBK1 was modified by removing the pUK21 multiple cloning site to prepare 
for future construction of specialized plasmids. The MCS was excised with restriction 
endonuclease SpeI, the remaining 6.8 kbp fragment of the vector was gel purified, re-
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circularized by ligation and transferred by electroporation to E. coli strain HB101 
(pBK2; Figure 3.3). Colonies containing plasmid pBK2 were selected by the resistance 
of their plasmids to digestion by restriction enzymes with sites in the pUK21 MCS. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3  A diagrammatic representation of the construction of the plasmid pBK2. 
Plasmid illustrations are not to scale. 
 
A third variation of plasmid pBK was constructed, to introduce: restriction sites that 
would allow the precise excision of cloned promoters and to provide a fixed ribosome 
binding site (RBS) upstream of the reporter gene coding region. For this, pBK2 was 
linearized by digestion with BamHI and a short DNA fragment, containing a RBS and 
an additional NdeI restriction site was attached. The insert was synthesized as two 
complementary oligonucleotides (PRndeF and PRndeR), which annealed to create 
BamHI compatible overhanging termini (GATC; Figure 3.4). Only the BamH1 
restriction site upstream of that for NdeI was re-constructed to be functional. Bacteria 
(E.coli K803) transformed by the recombinant plasmid (pBK3) were selected with 
kanamycin, and the presence of the plasmid confirmed by PCR with primers TS2 and 
PRndeR, using whole cells as a source of template. 
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Figure 3.4  A diagrammatic representation of the construction of the plasmid pBK3. 
Plasmid illustrations are not to scale. 
 
pBK3 also provided a SalI recognition site, upstream of the BamHI site used to insert 
potential promoter sequences, plus an NdeI recognition site and a RBS downstream of 
the BamHI site.  
 
When pBK3 was used to test isolated DNA fragments as gene promoters in P. ruminis 
strain 0/10, an un-expectantly high proportion were apparently promoter-active. The 
possibility that transcription start sites were present within the inserts was not supported 
by primary sequence, nor by primer extension analysis. Examination of transcripts 
showed that the seemingly high number of promoters isolated was a result of read-
through transcription of the ermAM gene (section 3.3.3). Further alterations to pBK3 
were made, to overcome apparent read-through transcription.  
 
The bacteriophage T4D gene 32 transcription/translation terminator (T4 terminator; 
Prentki and Krisch, 1984) was inserted upstream of the promoter insertion site (pBK4). 
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The transcriptional terminator was excised from plasmid pHP45Ω (kindly donated by 
Dr Wayne Reeve, Murdoch University) in two stages (Figure 3.5).  
•  The plasmid was cut with SphI, and the overhanging termini end-filled.  
•  The linearized plasmid, was digested with BamHI to produce a fragment containing 
the T4 terminator (~0.3 kbp).  
 
A similar procedure was followed to prepare plasmid pBK3, using XbaI for the first 
digest and BamHI for the second. The terminator fragment and linearized plasmid were 
gel purified, the two components ligated together, and transferred to E. coli HB101 by 
electroporation. Transformants were selected on LB agar plates with kanamycin. The 
presence of the required construct (pBK4) was detected by PCR with primers TS1 + 
TS2, and successful construction was confirmed by a PCR product of the predicted size.  
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Figure 3.5  A diagrammatic representation of the construction of the plasmid pBK4. 
Plasmid illustrations are not to scale. 
 
Insertion of the transcription terminator produced an unwanted SalI restriction 
endonuclease site in the plasmid. To allow the use of a SalI site in future multiple 
cloning sites, a variant of vector pBK4, was constructed in which the SalI site was 
inactivated (pBK5; Figure 3.6). Plasmid pBK4 was digested with SalI, end-filled, self-
ligated, transferred to E. coli strain HB101 by electroporation, and selected on LB agar 
plates containing kanamycin. Plasmids isolated from kanamycin-resistant colonies were 
screened for resistance to SalI digestion. 
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Figure 3.6  A diagrammatic representation of the construction of the plasmid pBK5. 
Plasmid illustrations are not to scale. 
 
In the final version of the promoter rescue plasmid, pBK6, a multiple cloning site was 
incorporated downstream of the transcription terminator, and upstream of the selectable 
marker gene (Figure 3.7). To incorporate the new MCS into the pBK5 it was first 
necessary to increase the distance between the NdeI and BamHI restriction sites as the 
sites were too close together for a successful double digest. A BamHI fragment of 0/10 
chromosomal DNA was gel purified and ligated to pBK5 which had been cut with 
BamHI, to create pBK5(1). Transformants were screened for the presence of the 
modified pBK5 by PCR, with primers TS1 + TS2, which flanked the chromosomal 
DNA insertion site. Bacteria harboring pBK5(1) produced ~0.9 kbp PCR product, as 
compared to ~0.4 kbp from those harboring pBK5.  
 
The vector pBK5(1) was digested with NdeI, followed by digestion with BamHI. The 
major vector component was gel purified and a DNA fragment containing a RBS and 
additional restriction endonuclease sites was attached. The RBS fragment was created 
by annealing two complementary oligonucleotides, PROM MCS F and PROM MCS R, 
to create a double stranded DNA molecule with GATC and AT overhanging 5’ termini 
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(Figure 3.7). Vector and insert were ligated and transferred to E. coli strain PMC112 by 
electroporation. Kanamycin resistant transformants were screened for the presence of 
recombinant pBK6 by PCR with primers TS2 + PROM MCS R, which could only 
generate a PCR product if the MCS was ligated to the vector in the correct orientation.  
 
 
 
 
 
 
 
 
 
Figure 3.7  A diagrammatic representation of the construction of the plasmid pBK6. 
Plasmid illustrations are not to scale. 
 
3.3.3  Plasmid Characterization and Analysis 
3.3.3.1  pBK3 
The use of plasmid pBK3, to clone potential promoter inserts, resulted in the isolation 
of an unexpectantly large number of transformed colonies. This could have resulted 
from the cloned inserts containing a high proportion of promoter active fragments, or 
from the activation of the selective erythromycin resistance gene (ermAM) by another 
mechanism, such as the initiation of transcription from upstream of the promoter insert. 
To identify the cause, RNA studies were performed using reverse transcription 
polymerase chain reaction (RT-PCR). To test for read-through transcription, the 
“promoter-bearing” clone pBK3(5) was investigated. 
 
PROMMCSF GATCGTCGACAGGCCTCGAGGATCCGAGCTCGTTAACA-- 
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A number of primer combinations were used in RT-PCR studies on pBK3(5) and 
pBHE-O. Two different primers were used to initiate reverse transcription: the 
“mismatch” primer TS1RT and the primer ErmT. Both primers are complementary to 
the sense strand and located downstream of the promoter insertion site within the 
ermAM gene (Figure 3.8). For PCR-mediated detection of reverse transcripts, these 
primers were used in combination with primer ErmF, InvPCRpOFowT or TS2 (section 
3.2.1; Table 3.0). Primer ErmF is complementary to the antisense strand, upstream of 
ErmT within the ermAM gene. InvPCRpOFow binds downstream of a transcription 
start site that was identified within the promoter insert of pBHE-O and TS2 binds 
upstream of the promoter insert site within the pRJF1 section of both plasmids (Figure 
3.8). 
 
For reverse transcription reactions, mRNA transcribed from plasmid pBHE-O in P. 
ruminis OR38 was used as a control: i.e. plasmid pBHE containing a promoter from P. 
ruminis strain OR38 upstream of the ermAM gene (Schoep, 1999). P. ruminis OR38, 
harboring pBHE-O, and primer combinations InvPCRpOFowT + TS1RT and TS2 + 
TS1RT, were used respectively as controls to validate the primer extension technique 
and to identify transcripts that originated upstream of the promoter.  
 
Initial results were ambiguous as to whether cDNA originated from an RNA or DNA 
template in the reverse transcription validation control (Figure 3.9A). Partial repetition 
of the experiment, in which RNA solutions were ensured DNA free, confirmed that 
transcript initiated from within the promoter insert of pBHE-O, and not from upstream 
of the promoter insertion site (Figure 3.9B).  
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Figure 3.8  A diagrammatic representation of plasmids, showing the primer binding 
sites used in RT-PCR studies. (A) pBHE-O (B) pBK3(5). Plasmid and annotations are 
not to scale. 
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In RT-PCR studies of mRNA from P. ruminis 0/10 harboring pBK3(5), using primers 
TS2 and TS1RT, transcript extending from the ermAM gene to upstream of the 
promoter insertion site was shown to be present. Using the combination ErmF + ErmT 
the full ermAM transcript was also shown to be present (Figure 3.9A). 
 
3.3.3.2 pBK5 
Evidence that transcription originated upstream of the promoter insert in plasmid 
pBK3(5) prompted the modification of the vector to include transcription terminator 
sequences upstream of the insertion site for potential promoters (pBK5). RT-PCR 
studies were performed on a variant of this plasmid, pBK5(10), to verify that the 
terminator was successful in eliminating non-specific transcription. This plasmid 
contained a confirmed promoter insert, termed promoter 10, in which the transcription 
start site had been identified by primer extension analysis (Chapter 5). 
 
On plasmid pBK5(10), the binding sites of the primers used in this section of work are 
shown in Figure 3.10. Initially the primer used for reverse transcription was the 
“mismatch” primer TS1RT. In the following PCR step, this primer was used in 
combination with US 0/10 pF, DS 0/10 pF, or TS2Seq. Primer US 0/10 pF binds 
upstream of the transcription start site within the promoter insert of pBK5(10), DS 0/10 
pF binds the same promoter insert downstream of the transcription start site, and 
TS2Seq binds upstream of the promoter insert and transcription terminator, (Figure 
3.10). 
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Figure 3.9  RT-PCR analysis to determine the origin of transcripts in pBK3. (A) Lanes 
7&13: Blank; Lanes 1&19: 0.5 µg of λ digested with HindIII; Lanes 2-6: RT-PCR on 
RNA from P. ruminis strain OR38 containing pBHE-O. Primers InvPCRpOFow + 
TS1RT; Lanes 8-12 & 14-18: RT-PCR reaction on RNA from P. ruminis strain 0/10 
containing variant pBK3(5); Lanes 8-12: Primers TS2 + TS1RT; Lanes 14-18: Primers 
ErmF + ErmT; Lanes 2, 8, 14: PCR on RT reaction; Lanes: 3,9,15: PCR on RNA 
extraction; Lanes 4,10,16: PCR on RT reaction components (minus RNA); Lanes 
5,11,17: PCR negative control; Lanes 6, 12,18: PCR positive control (B)  RT-PCR 
analysis confirm determine if transcription originates upstream of the promoter insert in 
pBHE-O. Lanes 1: 0.5 µg of λ digested with HindIII; Lanes 2-13: Analysis of RNA or 
DNA from P. ruminis strain OR38 containing pBHE-O; Lanes 2-7: Primers 
InvPCRpOFow + TS1RT; Lanes 8-13: Primers TS2 + TS1RT; Lanes 2&8: PCR on RT 
reaction; Lanes 3&9: PCR on heat denatured RT reaction; Lanes 4&10: PCR on RT 
reaction components (minus RNA); Lanes 5&11: PCR on RNA extraction; Lanes 
6&12: PCR negative control; Lanes: 7&13: PCR positive control. 
 
No RT-PCR products were generated by primers TS1RT + TS2Seq (Figure 3.11A), 
indicating that no transcript was originating upstream of the terminator in pBK5(10). 
Transcripts were identified originating from both upstream and downstream of the 
transcription start site in promoter 10, with RT-PCR products arising from primers DS 
0/10 pF or US 0/10 pF respectively, when paired with TS1RT (Figure 3.10).  
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Figure 3.10  A diagrammatic representation of pBK5(10), showing the primer binding 
sites used in RT-PCR studies. (A) Shows the general gene structure of the plasmid 
pBK5(10):  (B) Shows an enlargement of section A, with the primer binding sites. 
Diagrams are not to scale.  
 
Use of the primer combination US 0/10 pF or DS 0/10 pF with TS1RT resulted in what 
appeared to be artefactual bands (Figure 3.11B). Replacement of primer TS1RT with 
TS1RTb resulted in products of the predicted sized (Figure 3.11C).  
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RT-PCR products from primers US 0/10 pF and TS1RTb, which bind upstream of the 
transcription start site in promoter 10 and within the ermAM gene respectively, could 
have resulted from the presence of an additional active promoter within promoter 10 
(section 3.4.1.2). Experiments, to investigate whether transcription could have initiated 
upstream of the promoter insert in pBK5, used plasmid pBK6(10), which contained the 
same promoter insert as pBK5(10) inserted into an expanded multiple cloning site 
(Figure 3.7).  
 
The “mismatch” primer 0/10 RTmis was used for reverse transcription of mRNA 
downstream of the transcription start site within promoter 10 (Figure 3.10). 
Amplification of the reverse transcription products used the primer combination 0/10 
Rtmis and 0/10 RT F, which bind downstream of the transcription/translational 
terminator sequences and upstream of the promoter insert (Figure 3.10). Repetition of 
RT-PCR using the primer combination US 0/10 pF and TS1RTb was used as a positive 
control for RNA integrity.  
 
As previously observed, transcripts originating upstream of the TSS within promoter 10 
were detected, with RT-PCR products generated from primers US 0/10 pF and TS1RTb. 
In addition, transcripts originating upstream of the promoter insert were detected at very 
low levels using primers 0/10 Rtmis and 0/10 RT F (Figure 3.11D).  86 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11   RT-PCR analysis to determine whether transcription could originate 
upstream of the promoter insert in pBK5 and pBK6. (A) RT-PCR analysis of pBK5(10). 
Template for RT reactions was RNA from P. ruminis strain 0/10 containing pBK5(10). 
Lanes 1&14: 0.5 µg of λ digested with HindIII; Lanes 2-5: Primers US 0/10 pF+ 
TS1RT; Lanes 6-10: Primers DS 0/10 pF + TS1RT; Lanes 11-13: Primers TS2Seq + 
TS1RT; Lanes 2, 6, 10: PCR negative control; Lanes 3, 7, 11: PCR on pBK6(10) 
(positive control); Lanes 4, 8, 12: PCR on RT reaction; Lanes 5, 9, 13: PCR on RT 
reaction (minus reverse transcriptase) (B) Identification of artefact RT-PCR product 
encountered during RT-PCR analysis of pBHK5(10) using 3% Nuseive GTG Agarose 
Gel. Template for RT reactions was RNA from P. ruminis strain 0/10 containing 
pBK5(10). Lane 1: 100 bp marker; Lanes 2-5: Primers US 0/10 pF + TS1RT; Lanes 6-
10: Primers DS 0/10 pF + TS1RT; Lanes 2 & 6: PCR negative control; Lanes 3 & 7: 
PCR on pBK5(10) (positive control); Lanes 4 & 8: PCR on RT reaction; Lanes 5 & 9: 
PCR on RT reaction, minus reverse transcriptase. Bands a and b correspond to PCR 
products of TS1RT binding within the promoter insert region during the reverse 
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transcription reaction. (C) Elimination of a previously encountered RT-PCR artefact, 
and RT-PCR analysis of pBK5(10) using a 1.5% agarose gel. Template for RT reactions 
was RNA from P. ruminis strain 0/10 containing pBK5(10). Lanes 1&13: 100 bp 
marker; Lanes 2-6: Primers US 0/10 pF + TS1RTb; Lanes 7-12: Primers DS 0/10 pF + 
TS1RTb; Lanes 2 & 8: PCR on RT reaction; Lanes 3 & 9: PCR on RT reaction, minus 
reverse transcriptase; Lanes 4 & 10: PCR positive control; Lanes 5 & 11: PCR on 
pBK5(10) (negative control), 6 & 12: PCR negative control (no template). (D) RT-PCR 
analysis of pBK6(10) promoter insert region using a 2% agarose gel. Template for RT 
reactions was RNA from P. ruminis strain 0/10 containing pBK6(10). Lane 1: 100 bp 
marker; Lane 6: 0.5 µg of λ digested with HindIII; Lanes 2-5: Primers US 0/10 pF + 
TS1RTb; Lanes 7-10: Primers 0/10 RT F + 0/10 RTRmis; Lanes 2&7: PCR positive 
control lanes; Lanes 3&8: PCR negative control lanes; Lanes 4&9: PCR on RT 
reactions; Lanes 5&10: PCR and RT reactions minus reverse transcriptase. Band c 
corresponds to PCR product produced as a result of 0/10 RT F binding upstream of the 
promoter insert region during reverse transcription.  
 
3.3.3.3  Transformation Studies 
To test whether read-through transcription would affect the use of the plasmid for 
“promoter rescue”, numerous attempts were made to transfer pBK5 and pBK6, which 
contained the E. coli T4 transcriptional/translational terminator, to P. ruminis strain 
0/10. Attempts to transform strain 0/10 with similar molar amounts of plasmids pBK5, 
pBK6 and confirmed promoter clone pBK5(10), performed in triplicate, resulted only in 
transformants containing pBK5(10). It was concluded that pBK5 and pBK6, without 
promoter inserts, did not express the ermAM gene at a level sufficient to provide 
erythromycin resistance and could be used as promoter rescue plasmids.  
 
3.4 Discussion 
3.4.1  Read-through transcription of the ermAM gene 
3.4.1.1 pBK3 
In plasmid pBK3, the ermAM transcript was shown to initiate upstream of the promoter 
insert (section 3.3.3.1), although, it did not exclude the possibility that transcripts also 88 
 
originated from within the pBK3(5) promoter insert. The large number of transformants 
obtained, and measurable levels of read-through transcript from pBK3(5), suggested 
that pBK3 transformants may not have contained novel promoter inserts. Because of 
difficulties in distinguishing transcription from within the insert, from that originating 
upstream of the insert, subsequent work concentrated on plasmids in which read-
through transcription could be excluded.  
 
3.4.1.2 pBK5 
The presence of an RT-PCR product using US 0/10 pF in combination with either 
TS1RT or TS1RTb indicated that either there was read-through transcription of the T4 
terminator (section 3.3.3.2), or an alternative transcription initiation site was present 
within the promoter insert of pBK5(10), which was not identified by primer extension 
analysis.  
 
Further RT-PCR studies of mRNA from pBK6(10), using the primer combinations 0/10 
RTmis and 0/10 RT F, confirmed that there was read-through transcription of the T4 
terminator region (section 3.3.3.1). Interestingly, although RT-PCR reactions were 
standardized, the relative quantity of the RT-PCR product obtained from read-through 
transcript (primers US 0/10 pF and TS1RTb) was significantly greater than that 
obtained from the predicted transcript region (primers 0/10 RTmis and 0/10 RT F), 
suggesting that there was only a very low level of read-though transcription from 
upstream of the promoter insert. However, it is not possible to exclude the alternative 
possibilities that primers 0/10 RTmis and TS1RT may have primed reverse transcription 
reactions to differing efficiencies, or that PCR amplification of cDNA occurred at 
differing efficiencies for the two primer sets, due to the different sizes of the products.  
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Analysis of RNA from plasmids pBK5(10) and pBK6(10), with the RT primer 
combinations TS1RT + TS2Seq, and 0/10 RT F + 0/10 RTRmis respectively, produced 
contradictory results. No read-through transcription of the T4 terminator was detected in 
experiments using TS1RT + TS2Seq, whilst it was detected using 0/10 RT F + 0/10 
RTRmis. Possible reasons for not detecting read-through transcription of the T4 
terminator using TS1RT + TS2Seq include:  
•  Amplification required the generation of a 627 bp PCR product, whilst to detect 
read-through transcription using the primer combination 0/10 RT F + 0/10 RTRmis 
amplification of only a 357 bp PCR product was required. The lower efficiency of 
the PCR mediated amplification of the larger PCR product may account for the 
absence of RT-PCR product when using the primer combination TS1RT + TS2Seq.  
•  Differences in reverse transcription efficiencies may account for the contradictory 
results. Due to the secondary structure of the transcriptional terminator the 
efficiency of reverse transcription through this region may have been reduced. 
Reverse transcription reactions were performed at 42°C, whilst the melting 
temperature of the stem of the termination structure was determined to be 40.2°C 
(section 2.5.14). It is unknown whether this could affect AMV reverse transcriptase 
translocation.  
 
In summary, there appeared to be low-level read-through transcription of the T4 
terminator in the vectors pBK5 and pBK6. RT-PCR studies were complicated by the 
binding of TS1RT within the 0/10 promoter, and the possible presence of a second, 
undetected transcription start site promoting a low level of transcription within promoter 
10.  
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3.4.1.3 Possible Sources of Read-through transcription 
The initial reconstructions of plasmid pBHE were intended to introduce restriction 
endonuclease sites which would allow the “recovery” of isolated promoter fragments, to 
produce a more versatile vector that would facilitate promoter isolation. The 
complication of read-through transcription of the ermAM gene was encountered when 
the pUC118 section of pBHE was replaced with pUK21, to construct pBK1 (section 
3.3.2). This was problematic because the adenine methylase encoded by the ermAM 
gene, which protects the ribosome from erythromycin, may be required only in small 
amounts to methylate sensitive sites on the ribosomal RNA (Weisblum, 1995). For this 
study, the unintended expression of ermAM negates the effectiveness of the marker for 
the detection of promoter active DNA fragments. 
 
Within pBHE and pBK respectively, pUC118 and pUK21 are oriented oppositely in 
relation to pRJF1. In pBHE the lacZ and blaA gene promoters are transcribed in the 
opposite direction from the ermAM gene. However, in pBK1 both the lacZ and the 
kanR genes are transcribed in the same direction as the ermAM gene. It was not 
anticipated that read-through of the ermAM gene would occur from within the pUK21 
region of pBK1, because the pRFJI section contains a predicted 7 transcriptional 
termination signals (Hefford et al., 1993). However, more recent analysis of pRJF1 for 
transcription terminators, using default settings of the program TERMINATOR 
(Brendel and Trifonov, 1984), did not identify any palindromic sequences suitable as 
transcription terminators. Repetition of this analysis by Ranjana Prakash (Indian 
Institute of Science) using the program GeSTer identified two possible transcription 
terminators downstream of the first open reading frame, ORF1 in Figure 3.1 
(Unniraman et al., 2002). However, these terminators appear designed to stop 91 
 
transcription in the counter-clockwise direction, which would not prevent expression of 
the ermAM gene.  
 
Overall, it appears most likely that read-through transcription of the ermAM gene is a 
result of transcription of the kanR and/or lacZ genes continuing through the pRJF1 
section of pBHK to the ermAM gene. The insertion of the  phage T4 
transcription/translation terminator upstream of the ermAM gene appeared to eliminate 
read-through transcription only partially (section 3.4.1.2: Figure 3.11). Prentki and 
Krisch (1984) observed the read-through transcription of the Ω fragment (containing an 
antibiotic resistance gene and divergent T4 transcription/translation termination signals) 
to equal 4% – 6% of lacZ mRNA.  
 
The low-level read-through transcription of the ermAM gene in plasmid pBK5 and its 
derivatives was not sufficient to invalidate its application for promoter rescue. This was 
illustrated by the inability of pBK5 to transform P. ruminis to erm-resistance, without a 
gene promoter inserted upstream of the ermAM gene (section 3.3.3.3). 
 
3.4.2 Comments 
In this section of study an improved promoter rescue plasmid was constructed with a: 
•  fixed ribosome binding site upstream of the ermAM gene, increasing the frequency 
of promoter isolation. 
•  kanamycin resistance gene allowing kanamycin selection in E. coli, reducing 
satellite contaminants that sometimes occurred with ampicillin selection. 
•    T4 transcription/translation terminator upstream of the promoter insertion site, 
reducing read-through transcription to an acceptable level. 
•  diverse multiple cloning site to facilitate the excision of confirmed promoters.92 
 
Chapter 4  : Isolation of Novel Gene Promoters 
 
4.1  Introduction 
To identify a wide range of gene promoters from P. ruminis, this study employed both 
indirect and semi-directed methods of gene promoter isolation. Promoter rescue 
plasmids were selected as the least biased means of promoter isolation. Such plasmids 
have been used widely in other organisms (Haapalainen et al., 1996; Rist and Kertesz, 
1998; McCracken et al., 2000; Kuoppa et al., 2001; Santos et al., 2001). This method 
has the advantage that gene promoters can be isolated on a relatively random basis, 
maximizing the potential to detect novel forms of promoter. The principal tools required 
are the promoter rescue plasmid and the ability to place the plasmid into the organism 
that is being studied. No fore-knowledge about the genome of the organism under 
investigation is required.  
 
In brief, the process involves cloning genomic DNA fragments, and identifying those 
that contain promoters, through their ability to activate a selectable gene within the 
donor organism. Only those plasmids containing a gene promoter in the cloned 
fragment, upstream of the ermAM gene, should confer erythromycin resistance.  
 
Although it is a simple and effective method, there are disadvantages to this approach: 
When gene promoters are isolated, there may be insufficient length of DNA in the 
cloned fragment to allow identification of the gene(s) that are regulated by the gene 
promoter in vivo, requiring additional experiments to achieve that identification. Some 
promoters may not be recoverable by this technique because limits on the size of the 93 
 
cloned fragment may exclude parts of the sequence that are required for promoter 
activity. 
 
Therefore, as a semi-directed alternative process, fragments of P. ruminis genomic 
DNA were cloned a λ-phage vector. This was expected to result in the isolation of a 
relatively unbiased set of 4 – 5 kb genomic DNA fragments, in which the identification 
of genes and probable promoter regions could be performed on the basis of homology to 
gene structure in other micro-organisms. Using this process, genes unique to P. ruminis 
could go undetected and the identification of promoter regions would require some 
assumptions. Certainly, unusual promoters may be missed, if the arrangement or 
regulation of genes in P. ruminis differs significantly from that in other organisms.  
 
This chapter describes the construction of a λ-bacteriophage gene library, sequencing 
and databank sequence matching, and the use of the promoter rescue plasmid pBK6 to 
test the functionality of candidate promoters in P. ruminis. 
 
4.2  Methods 
4.2.1  Plasmid Based Promoter Rescue 
Chromosomal DNA fragments were cloned into the promoter rescue plasmids pBK5 
and pBK6 as follows:  
1.  Chromosomal DNA from P. ruminis strain 0/10, was partially digested with Sau3A1 
by removing aliquots of the Sau3A1 reaction mix, at 3 min intervals. 
2.  Aliquots were ethanol precipitated and the DNA pellets dissolved in water and 
electrophoresed on a 1% agarose gel.  94 
 
3.  DNA from the combined time-selected aliquots was excised and purified from the 
gel in the region corresponding to 400 – 800 bp fragments.  
4.  Plasmids pBK5 and pBK6 were linearized by digestion with BamH1, to excise the 
ermAM promoter and provide Sau3A1-compatible cohesive ends.  
5.  The linearized plasmid was dephosphorylated, ligated to itself, and the linear form 
of the plasmid excised and repurified from an agarose gel.  
6.  Chromosomal DNA inserts and vector were ligated together and plasmids were 
transferred to E. coli PMC112 by electroporation. 
7.  Transformants were selected on LB plates containing kanamycin.  
8.  The resulting colonies were screened using PCR, with primers TS1 and TS2, which 
flanked the chromosomal DNA insertion site.  
9.  Cultures of E. coli transformed with recombinant plasmids were pooled in groups of 
two, three, or four, for DNA extraction, and DNA pools were used to transform P. 
ruminis by electroporation.  
10. Electroporation mixtures were plated on RF medium agar plates containing 50 or 
100 µg/mL erythromycin to select promoter-active inserts.  
 
4.2.2  Gene Library Construction and Auto Cre-Mediated 
Subcloning 
A gene library was constructed from P. ruminis DNA using the Novagen λSCREEN
TM- 
EcoRI Arms Kit. Briefly, the construction of the phage library was performed as 
follows:  
1.  Chromosomal DNA from P. ruminis strain 0/10 was partially digested with EcoRI 
under “star” conditions (45 mM Tris.HCl, pH 9.2, 10% glycerol, 10 mM MgCl2 at 95 
 
37°C). Aliquots of the reaction were frozen in liquid nitrogen at time intervals of 10 
min for 50 min. 
2.  The aliquots were electrophoresed on agarose gels and DNA fragments of 
approximately 4 – 5 kb were excised and purified.  
3.  Isolated fragments were ligated to the vector arms and the ligation was added to 50 
µL of phage packaging extract, incubated at 22°C for 2 h, and the process stopped 
by the addition of SM buffer. 
4.  Recombinant phage were diluted in SM buffer and used to infect Escherichia coli 
strain ER1647 (grown to an OD600 of approximately 1.0 in Supplemented LB 
medium).  
5.  Aliquots of the adsorption mixture were added to LB top agarose and poured onto 
LB plates containing tetracycline (12 µg/mL).  
6.  Phage plaques were picked with toothpicks, transferred to a culture of E coli 
BM25.8, grown to an OD600 of approximately 1.0 in supplemented LB medium 
containing 50 µg/mL chloramphenicol and 50 µg/mL kanamycin, and dilutions of 
the culture were plated on LB agar containing 100 µg/mL ampicillin to generate 
plasmid (pSREEN1b+) from the bacteriophage.  
7.  The resulting colonies were picked, and grown overnight in supplemented LB 
medium containing 100 µg/mL ampicillin, to prepare plasmid DNA by alkaline lysis 
and phenol chloroform extraction.  
8.  Plasmids confirmed to contain P. ruminis chromosomal inserts were transferred to 
E. coli strain HB101, by heat shock transformation, and plated on LB agar 
containing ampicillin.  
9.  Finally, plasmid DNA was prepared for sequencing using a DNA mini-prep kit.  
 
Clones obtained from this process were designated pSC, followed by the insert number. 96 
 
4.2.3  Identification of Potential Gene Promoters 
Twenty three recombinants of the plasmid pSCREEN1b(+) were sequenced using the 
SP6 Fow primer. Sequences were analyzed using the BlastX program to identify genes 
within the cloned DNA (Altschul et al., 1997). Regions of DNA likely to contain gene 
promoters were identified by analysing the DNA structure surrounding sequences that 
were homologous to known genes. Where sequence from the initial sequencing process 
was insufficient to include full promoter regions, primers were designed to “sequence-
walk” along the cloned DNA. Primer sequences are shown in Table 4.0.  
 
4.2.4  Transfer of Known and Potential Promoters to pBK6 
Potential promoter regions of cloned DNA were amplified by PCR using primers that, 
in order from 3’ to 5’, typically contained: 
•  a priming section of approximately 25 bp,  
•  a 6 bp restriction endonuclease site (either NdeI or XhoI), 
•  10 bp of random nucleotide sequence.  
 
This allowed the directional cloning of promoter regions into plasmid pBK6 using the 
primers shown in Table 4.0. Briefly the process of cloning PCR amplified fragments 
into pBK6 was as follows: 
1.  Both plasmid pBK6(18), plasmid containing a rescued gene promoter (section 
4.3.1), and the PCR product were digested with endonucleases NdeI and XhoI.  
2.  Restriction products were agarose gel purified and ligated together.  
3.  Ligation products were transferred to E. coli strain PMC112 and the transformants 
selected on kanamycin plates (30 µg/mL).  97 
 
4.  Recombinants were screened by PCR using primers TS1 and TS2, or the primers 
originally used to amplify the promoter fragment for cloning. 
 
A similar process was used to amplify the hypothetical xynA gene promoter from the 
construct pYK4#98 (kindly supplied by Dr Yasuo Kobayashi, Hokkaido University) for 
cloning into pBK6. Fragments already identified as promoters using pBK5 or pBHE 
(Schoep, 1999), were cloned into pBK6, using the same methodology (Chapter 6).  
 
Table 4.0  Primers used for sequencing and cloning of both potential and 
experimentally proven gene promoters into plasmid pBK6. 
 
Clone  Cloning Primers   Sequencing Primers  
Potential promoters 
pBK6(12)  pS12F1 + pS12R1  pS12F 
pBK6(14)  pS14F1 + pS14R1  pS14F 
pBK6(25)  pS25F2 + pS25R2  pS25 
pBK6(27) mrsFF1  +  mrsFR1   
pBK6(29)  pS29F3 + pS29R3  pS29, pS29F2, pS29F3b 
pBK6(X)  pXylAF1 + pXylAR1   
Experimentally active promoters 
pBK6(6)  ExoF1 + ExoR1   
pBK6(10)  TS10F1 + TS10R1   
pBK6(38) OR38F1  +  OR38R1   
 
4.2.5  Identification of Transformants 
Promoter rescue plasmids containing pseudo-random inserts of DNA were transferred 
to P. ruminis 0/10 by electroporation. Transformants were examined microscopically to 
confirm their purity, and plasmid DNA was extracted for transfer to E. coli, for 
sequencing. For some analyses of erm resistant P. ruminis, PCR reactions were 
performed using whole cells as a source of template. For this purpose 200 µL of 3-day 98 
 
cultures containing either pBK6(46) or pBK6(4) was harvested, pelleted and 
resuspended in the same volume of water. A 0.5 µL aliquot was added to a PCR 
reaction as template.  
 
4.3 Results 
4.3.1  Isolation of Promoter Rescue Plasmid Transformants 
Eighty variants of pBK5, with inserts of ~500 – 800 bp (totalling approximately 48 kb 
of P. ruminis 0/10 DNA) were screened in P. ruminis for promoter activity (section 
4.2.1). Two plasmids containing active promoters were identified: pBK5(6) and 
pBK5(10) (section 4.2.5). However, the inserts in these plasmids were larger than 
anticipated and contained internal Sau3AI restriction sites. Sequence analysis revealed a 
series of non-continuous open reading frames, and the inserts appeared to consist of 
numerous chromosomal fragments ligated together. Sections of these inserts that 
appeared likely to contain the promoter region were sub-cloned into pBK6 to yield 
pBK6(6) and pBK6(10) (section 4.2.4). In addition, a promoter isolated from P. ruminis 
strain OR38 in a previous study (Schoep, 1999), was re-cloned into pBK6 to yield 
pBK6(38). Plasmids pBK6(6), pBK6(10), and pBK6(38) conferred erythromycin 
resistance to P. ruminis 0/10, indicating that the inserts were active as promoters in vivo.  
 
Screening of 57 variants of pBK6 with inserts ~400 bp (totalling approximately 22.8 kb 
of  P. ruminis 0/10 DNA) resulted in the isolation of 2 additional promoter-active 
fragments in clones pBK6(46) and pBK6(54). Due to low transformation efficiencies, 
transfer experiments were repeated using pools of pBK6 variants containing larger 
amounts of DNA. Screening of 44 plasmids with inserts ~400 bp (approximately 
totalling 17.6 kb of P. ruminis 0/10 DNA) resulted in the isolation of the same two 99 
 
promoter-active fragments. However the insert in one these isolates, pBK6(18), differed 
from the original, pBK6(54), by one nucleotide (details in Chapter 5). 
 
4.3.1.1 Analysis of “Pseudo-transformants” 
During P. ruminis transformation experiments, erythromycin resistant colonies of P. 
ruminis were obtained, which apparently contained no plasmid. (i.e. “pseudo-
transformants”). Although unlikely, studies were performed to ensure that plasmid 
sequences could not have integrated into the bacterial chromosome to produce pseudo-
transformants. Using PCR to amplify different sections of the plasmid, the pseudo-
transformant, pBK6(4) was tested for the presence of plasmid sequences (Figure 4.0; 
section 4.2.5). In these experiments, pseudo-transformant cells yielded no amplified 
products (Figure 4.1), while positive controls, involving the amplification of genomic 
DNA, showed that the PCR process was efficient and uninhibited. 
 
To investigate the possibility that a sub-population of P. ruminis 0/10 may be innately 
resistant to erythromycin was investigated by plating untransformed bacteria from 
glycerol stocks onto medium containing erythromycin. Despite the failure to form 
colonies under these conditions, precautions were taken to ensure that erythromycin 
sensitive bacterial stocks were used to prepare electrocompetent cells. Untransformed 
0/10 cultures were plated on non-selective RF medium and individual colonies were 
transferred to both selective and non-selective medium. A single, erythromycin 
sensitive colony was selected to inoculate cultures for preparation of electrocompetent 
cells. 
 
The process of transferring pBK6 recombinants to P. ruminis (section 4.3.1) was 
repeated, including negative controls in which the transforming DNA solution was 100 
 
replaced with 0.3 M sorbitol. A number of erythromycin resistant pseudo-transformants 
that apparently contained no plasmid were isolated.  
 
After growth on 50 µg/mL erythromycin selection medium, pseudo-transformants and 
plasmid-bearing transformants were all resistant to erythromycin at 1.4 mg/mL, i.e. 28-
times the concentration used for routine selection of transformants. However, using a 
range of antibiotic concentrations for the initial selection, it was shown that pseudo-
transformants could be avoided by increasing the concentration of erythromycin in the 
selective agar from 50 µg/mL to 100 µg/mL.  
 
Figure 4.0  The positions of primer combinations used to amplify regions of plasmid 
pBK6 and its variants. Primers were paired: TS1 + TS2; ErmFront + ErmTail; Esp Rev1 
+ T7. Primer combinations TS10F1 + TS10R1 and ExoF1 + ExoR were used as a PCR 
positive control to amplify a region of P. ruminis 0/10 genome. 
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Figure 4.1 PCR analysis of pseudo-transformant pBK6(4). Lane 1: 0.5 µg of λ digested 
with  HindIII; Lane 17: 1 kb Plus ladder; Lanes 2, 5, 8, 11 & 14: cells containing 
pBK6(4) as template (pseudo-transformant); Lanes 3, 6, 9, 12 & 15: cells containing 
pBK6(46) as template (positive controls); Lanes 4, 7, 10, 13 & 16: no template 
(negative control); Lanes 2-4: Primers TS1 and TS2; Lanes 5-7: Primers ErmFront + 
ErmTail; Lanes 8-10: Esp1 + T7, To verify that the PCR was sensitive and uninhibited, 
DNA was also amplified from chromosomal DNA; Lanes 11-13: Primers TS10F1 + 
TS10R1; Lanes 13-16: Primers ExoF1 + ExoR1.  
 
4.3.2  Characterization of Promoter Rescue Plasmid 
Transformants  
Five 0/10 genomic DNA fragments cloned in promoter rescue plasmids pBK5 or pBK6 
were shown to function as gene promoters. In addition, a promoter isolated from P. 
ruminis OR38 (Schoep, 1999) and re-cloned as pBK6(38) was active in strain 0/10. 
Promoter fragments cloned in pBK5 or pBK6 were 400 – 800 bp and, where possible, 
the gene directly downstream was identified using the BlastX program (Table 4.1). 
Computational and structural analyses of the isolated gene promoters are described in 
Chapter 5. 
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pBK6(6) 
The 304 bp genomic DNA fragment contained in pBK6(6) was a sub-clone from the 
multiple, combined genomic DNA fragments isolated with pBK5 (section 4.3.1). It 
contained 91 bp of a gene similar to recD of Thermoanaerobacter tengcongensis, 
encoding the alpha subunit of an ATP-dependent exoDNase (exonuclease V; Table 4.1), 
and 214 bp of sequence upstream of the recD start codon. The sub-cloned insert 
initiated transcription of the ermAM gene in P. ruminis 0/10 (section 4.3.1). 
 
pBK6(10) 
The 390 bp promoter-active insert in pBK6(10) was also a sub-fragment of the insert 
from pBK5(10) (section 4.3.1) and contained 24 bp of apparent coding sequence and 
366 bp of 5’ flanking sequence. The notional translation of the coding sequence was 
similar to that of the clpP gene of Clostridium acetobutylicum, which encodes the 
protease subunits of an ATP-dependent protease (Table 4.1).  
 
pBK6(18)&(54) 
pBK6(18) was isolated during a repetition of the experiment in which pBK6(54) was 
identified (section 4.2.5). The two plasmids contained promoter-active DNA fragments 
that were identical, except for a single base-pair difference (Chapter 5). Therefore the 
relative efficiency of their promoter activity was of considerable interest. The 371 bp 
insert included an open reading frame similar to the coding region of the clpB gene of 
Staphylococcus aureus subsp. aureus Mu50, which encodes a caseinolytic protease 
subunit (Thies et al., 1999; Table 4.1).  
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pBK6(38) 
Plasmid pBK6(38) contained the gene promoter isolated from P. ruminis OR38 using 
the promoter rescue plasmid pBHE (Schoep, 1999). However, the isolated promoter 
fragment appeared unlikely to contain any of the coding sequence (Schoep, 1999) and 
conceptual translation of this insert showed no homology with any other proteins. 
Plasmid pBK6(38) conferred erythromycin resistance to strain 0/10, indicating that the 
promoter was functional in strains other than its native OR38.  
 
pBK6(46) 
Plasmid pBK6(46) contained a 382 bp fragment of DNA, which included 150 bp of 
coding sequence that showed homology to the Clostridium acetobutylicum  hrcA or 
grpE genes (Table 4.1). The remaining 233 bp of upstream sequence showed an 
experimentally determined direction of gene promotion that was opposite to the 
apparent direction of the hrcA gene transcription.  
 
4.3.3  Identification of Promoters From a P. ruminis Gene 
Library 
Screening of 23 genomic DNA inserts, sub-cloned into pSCREEN1b+ (pSC) from the 
bacteriophage genomic library, yielded 6 that appeared likely to contain gene promoters 
(Table 4.1; section 4.2.2). Sub-sections of these DNA fragments, in which gene 
potential promoters were identified, were cloned into plasmid pBK6 for testing in P. 
ruminis 0/10 (section 4.2.4). Figure 4.2 shows the position of the sub-cloned sections 
within the genomic fragments, relative to genes identified by BlastX analysis (section 
4.2.3).  
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Table 4.1  Showing genes downstream of and experimentally determined gene promoters in P fibrisolvens 0/10. Recombinants of plasmid pBK6 
contain experimentally identified promoter fragments, with the exception of pBK6(X). Recombinants of plasmid pSC contained 0/10 genomic DNA 
fragments thought to contain gene promoters. Arrows indicate the relative direction of transcription of genes around the genes surrounding potential 
promoters, according to the published data. The analyses used to determine the presence of a promoter upstream of a recognizable gene include: 
presence of transcript using reverse transcription PCR (RT-PCR), presence of transcript using northern blot analysis (NB), or the identification of a 
transcription start site using primer extension analysis (PE) or S1nuclease protection (S1N).  
 
Promoter 
Clone 
Gene  Example organisms   % Homology 
(identities)(positives) 
Surrounding gene 
structure 
Upstream gene promoter 
(analysis method) 
Reference 
  pSC clones 
pSC12  msmR  Streptococcus mutants UA159  (39)(52) (←msmR)(aga→)  -  (McLaughlin and Ferretti, 1996) 
  aga Streptococcus  mutants  UA159  (25)(46)    -  (McLaughlin and Ferretti, 1996) 
  rafR Streptococcus  pneumoniae R6  (34)(57)  (←rafR)(aga→)  -  (Rosenow et al., 1999) 
  aga Streptococcus  pneumoniae R6  (30)(50)    RT-PCR  (Rosenow et al., 1999) 
pSC14  tagD  Bacillus subtilis strain 168  (33)(51)  (←tagD)(tagA→)  PE  (Mauel et al., 1995) 
pSC25  bglA  Clostridium proteoclasticum H17c  (30)(44)    PE  (Lin et al., 1990) 
pSC27  mrsF  Bacillus sp. strain HIL Y-85,54728   (32)(56)  (←mrsR2)(mrsF→)  -  (Altena et al., 2000) 
  gldA  Flavobacterium johnsoniae   (29)(50) (←ail)(gldA→)  -  (Agarwal et al., 1997) 
  bcrA  Bacillus licheniformus 10716  (28)(49)  (bacS→)(bcrA→)  NB  (Neumuller et al., 2001) 
  rumF  Ruminocuccus gnavis  (29)(50) (←rumF)(rumR→)  RT-PCR  (Gomez et al., 2002) 
  lctF Lactococcus  lactis subsp. lactis  (30)(51) (lctT→)(lctF→)  -  (Rince et al., 1997) 
pSC29  ptr Escherichia  coli K12  (23)(39)  (recC→)(ptr→)  S1N  (Claverie-Martin et al., 1987) 
  yggB  Escherichia coli K12  (32)(53)  (fba→)(yggB→)    (Blattner et al., 1997) 
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Promoter 
Clone 
Gene  Example organisms   % Homology 
(identities)(positives) 
    Reference 
  pBK6 clones 
pBK6(6)
*  recD  Thermoanaerobacter tengcongensis  (44)(66)   (Bao  et al., 2002) 
pBK6(10)
*  clpP  Clostridium acetobutylicum  (84)(92)    (Nolling et al., 2001) 
pBK6(46)  hrcA
•/hemN
  Clostridium acetobutylicum  (65)(85)    (Nolling et al., 2001) 
pBK6(54)
◘  clpB?  Staphylococcus aureus subsp. aureus Mu50  (22)(52)    (Kuroda et al., 2001) 
pBK6(18)
◘  clpB?  Staphylococcus aureus subsp. aureus Mu50  (22)(52)    (Kuroda et al., 2001) 
pBK6(38)
○    Pseudobutyrivibrio ruminis OR38     (Schoep,  1999) 
pBK6X
▲  xynA  C. proteoclasticum Bu49  (100)(100)    (Mannarelli et al., 1990) 
 
* Promoters were isolated using plasmid pBK5, and gene promoters were re-cloned into pBK6 (section 4.3.1). 
◘ Plasmids pBK6(18) & (54) contain promoter inserts that differ by one nucleotide identity. 
○ The gene downstream of the promoter is unknown because only the region upstream of the ribosome binding site was present in the cloned fragment (Schoep, 1999). 
▲ The xynA promoter region in C. proteoclasticum strain Bu49 (Mannarelli et al., 1990), was cloned into plasmid pBK6.  
• The gene originally identified as grpE by Narberhaus and associates (1992), is now termed hrcA.  106 
 
β-galactosidase-like gene in clone pSC12 
Plasmid pSC12 contained DNA with a notional translation similar to that of the aga 
gene from Streptococcus mutants, which encodes a ß-galactosidase (Table 4.1). The 
342 bp sub-fragment cloned into pBK6(12) included the 5’ end of the msmR gene, the 
intergenic region between msmR and aga, and the 5’ end of the aga gene (Figure 4.2).  
 
 Nucleotidyl transferase-like gene in clone pSC14 
Plasmid pSC14 contained DNA with a notional translation similar to the tagD gene 
from Bacillus subtilis, which encodes a nucleotidyl transferase (Table 4.1). The 338 bp 
region cloned into pBK6(14) included part of the 5’ end of tagD gene and a significant 
portion of intergenic region between tagD and its most likely neighbor gene, tagA 
(Figure 4.2; Mauel et al., 1995).  
 
ß-glucosidase-like gene in clone pSC25 
Plasmid pSC25 contained P. ruminis genomic DNA with a notional translation similar 
to that of the bglA gene from Clostridium proteoclasticum H17c, which encodes a ß-
glucosidase (Table 4.1). The 387 bp cloned into pBK6(25) included the 5’ end of bglA 
and 169 bp upstream of the gene, assuming that the translational start site in strain 0/10 
was similar to that in H17c (Figure 4.2).  
 
mrsF, gldA, bcrA, rumF, lctF-like genes in clone pCS27 
Plasmid pSC27 contained DNA with a notional translation resembling a number of 
different genes, many of which are related to bacteriocin immunity (mrsF, bcrA, rumF, 
lctF). The 348 bp region cloned in pBK6(27) included the 5’ end of a bacteriocin 
immunity or motility-related gene and 250 bp of upstream sequence (Figure 4.2). 
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ptr and yggB-like genes in clone pSC29 
Clone pSC29 contained coding sequence producing notional translations similar to two 
different genes: ptr and yggB, which encode a protease III and a protein involved in 
mechanosensitive channel function respectively (Table 4.1). The 384 bp sub-fragment 
cloned into pBK6(29) included the 3’ end of a yggB-like gene, intergenic region, and 
the 5’ end of the ptr gene (Figure 4.2).  
 
4.3.3.1 Identification of Promoters From Other P. ruminis Strains 
Kobayashi and associates (2003) showed that the xynA gene could be expressed from 
the native promoter in P. species OB156C. A 323 bp fragment including 266 bp of 
upstream sequence, and 57 bp of the xynA gene 5’ end, was cloned into pBK6 and 
tested for promoter activity (section 4.3.4.2). 
 
4.3.4 Activity of Potential Promoters in P. ruminis  
Attempts to demonstrate the activity of potential promoters, isolated from the 0/10 gene 
library, using promoter rescue plasmid pBK6, were unsuccessful. These promoter-like 
sequences were unable to initiate transcription of the ermAM gene at a level sufficient 
to provide resistance to erythromycin. Duplicate transformation experiments were 
performed using amounts of DNA calculated to produce 7 – 43 transformants, based 
upon transformation efficiency of 10 – 30 transformants/µg of DNA (section 4.3.5).  
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Figure 4.2  Organization of sequenced regions of P. ruminis 0/10 genomic DNA cloned 
into vector pSC. Alignments are shown between the notional translation of genomic 
sequences and homologous proteins identified using the BlastX. Extents of homology 
are annotated. Boldfaced: the 5’ position of primers, indicating the regions cloned into 
pBK6 to test fragments for promoter activity in P. ruminis.  
pSC12 
pSC14 
pSC29 
pSC27 
pSC25 
695 bp
mrsF
gldA
bcrA
rumF
lctF
bp 322 (aa 1)
bp 375 (aa 118 of 303)
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bp 62, mrsFF1 (+XhoI site)
bp 409, mrsFR1 (+NdeI site)
Eco RI (2)
1327 bp
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bp 1316 (aa 224 of 720)
bp 804 (aa 77)
bp 1268 (aa 228 of 720)
bp 306, pS12F1 (+XhoI site) bp 647, pS12R1 (+NdeI site)
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4.3.4.2 Activity of Potential xynA Promoter in P. ruminis . 
DNA proposed by Mannarelli et al. (1990) to contain the xynA gene promoter was sub-
cloned in plasmid pBK6 (section 4.2.4). Consistent with results obtained for potential 
promoter sequences from 0/10 DNA clones, this DNA fragment (promoter X) did not 
initiate transcription of the ermAM gene sufficient to provide erythromycin resistance. 
 
4.3.5  Transformation Efficiencies 
The efficiency of P. ruminis transformation varied across the many experiments. 
Plasmid pBK6(46) was used as a positive control in six later experiments and showed 
transformation efficiency to vary from approximately 10 – 30 colonies/µg DNA.  
 
4.4 Discussion 
4.4.1  Identification of Genes Under the Control of Gene 
Promoters 
Protein coding sequences adjacent to gene promoters identified in this work were 
notionally translated and matched to protein sequences in the Genbank database. The 
possible genome structure around the identified sequences was, in some cases, inferred 
from the genome structure of related organisms. 
 
pBK6(46) 
The experimentally determined direction of transcription from fragment 46 was 
opposite to the direction implied by the adjacent coding region, which appeared 
homologous to the Clostridium acetobutylicum hrcA gene (section 4.3.2). It is thought 110 
 
that the gene was initially mis-identified by Narberhaus and associates (1992) as grpE, 
whereas more recently annotated genome sequence identifies the gene as hrcA. In many 
Gram positive bacteria, including the annotated C. acetobutylicum and C. perfringens 
genome sequences, hrcA is the first gene in the DnaK operon (Nolling et al., 2001; 
Weng et al., 2001; Shimizu et al., 2002). In both these genomes the DnaK operon is 
preceded by the gene hemN, involved in oxygen-independent coproporphyrinogen III 
decarboxylation, which is transcribed in the same direction as the operon. However, in 
Bacillus stearothermophilus the hemN gene is transcribed divergently from the hrcA 
gene (Mogk and Schumann, 1997), and in Escherchia coli transcription has been shown 
to initiate within 110 bp upstream of the hemN start codon (Troup et al., 1995). Overall, 
this suggests that promoter 46 is not responsible for the transcription of hrcA gene, but 
could control transcription of hemN. 
 
pBK6(18)&(54) 
The conceptual translation of promoters in plasmids pBK6(18) and (54) contained an 
coding region sharing 52% similarly charged amino acids with the clpB gene from 
Staphylococcus aureus subsp. aureus Mu50. However, no significant homology was 
found between the conceptual translation of the promoters and the clpB protein 
identified in the closely related organism Clostridium perfringens (Shimizu et al., 
2002). In addition, the conceptual translation matched the clpB protein sequence from 
amino acids 50 to 121 (Kuroda et al., 2001), implying that the start codon of the clpB 
gene would lie upstream of the insert fragment. Overall it appeared unlikely that the 
promoters within pBK6(18) and (54) were those driving the clpB gene (Table 4.1). 
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4.4.2 Identification of Potential Gene Promoters 
A lambda cloning system was chosen to isolate 4 – 5 kb fragments of 0/10 genomic 
DNA because difficulties cloning DNA from P. ruminis and closely related species in 
plasmid vectors has been reported previously (Gregg, 1989; Gregg, 1991). It has also 
been observed that sub-cloning into plasmids from clones isolated in bacteriophage 
vectors could be difficult (Huang et al., 1989; White et al., 1990). However, even if 
plasmid sub-cloning is unsuccessful, insert DNA can be sequenced directly from the 
phage. 
 
In many cases, the notional translations of cloned sequences showed greatest homology 
with proteins from Clostridium acetobutylicum (section 4.3.3). However, the 
identification of genes in C. acetobutylicum has often been based only on conceptual 
translation. Reports describing the regulation of these genes were often lacking. 
Therefore, sequences of isolated DNA fragments were compared to related genes from 
organisms in which their functionality and regulation had been determined 
experimentally. The match between proteins from P. ruminis and those used for gene 
structure analysis was often weak, but significant. Clones that contained a gene, and a 
potential gene promoter, were cloned into plasmid pBK6 for further analysis. The basis 
for the identification of potential promoter regions within P. ruminis genomic DNA 
fragments were as follows: 
 
β-galactosidase-like gene in clone pSC12 
The sequenced region of pSC12 contained an equivalent of the gene, aga. In some 
Streptococcus species, the gene upstream of aga,  msmR or rafR, is transcribed 
divergently (Table 4.1). This suggests that the aga gene may be transcribed from it’s 
own gene promoter.  112 
 
 
 Nucleotidyl transferase-like gene in clone pSC14 
The sequenced region of pSC14 contained an equivalent of the gene, tagA, one of the 
two divergently transcribed operons, tagAB and tagDEF, which together direct the 
synthesis of poly(glycerol phosphate), a major teichoic acid of Bacillus subtilis (Mauel 
et al., 1995; Table 4.1). Conceptual translation of the B. subtilis tagD gene showed 
homology with several nucleotidyl transferases (Mauel et al., 1995). Fragment 14 
showed no sequence equivalent to tagA, possibly due to a relatively large intergenic 
region between the two genes (Mauel et al., 1995) and the limited length of sequence 
available from clone 14. Primer extension analysis in B. subtilis showed that the tagD 
gene was transcribed from it’s own promoter (Mauel et al., 1995), although the whole 
intergenic region was not required for tagD gene promoter activity. 
 
ß-glucosidase-like gene in clone pSC25 
In C. proteoclasticum H17c transcription of the bglA gene, encoding ß-glucosidase, was 
initiated from the native promoter when expressed in E. coli (Lin et al., 1990; Table 
4.1). It remains to be determined whether transcription initiates from the same site in B. 
fibrisolvens. In the previous study of the bglA gene from B. fibrisolvens, the transcript 
was initiated 48–49 bp upstream of the start codon (Lin et al., 1990). In this study the 
pBK6(25) clone included at least 169 bp upstream of the gene.  
 
mrsF, gldA, bcrA, rumF, lctF-like genes in clone pCS27 
The notional translation of the pSC27 P. ruminis genomic DNA insert was similar to 
that of both bacteriocin self-immunity and the gliding motility genes 4.3.3. This is not 
surprising since the gliding motility gene, gldA, may be involved in exopolysaccharide 
export, and many bacteriocin-producing organisms achieve resistance to their own 113 
 
bacteriocin by the synthesis of exopolysaccharides (Godchaux et al., 1991; Pollock et 
al., 1994). Gene structure surrounding the similar genes: mrsF, bcrA, rumF, lctF and 
gldA genes in different bacteria, is a mixture of convergent and divergent open reading 
frames (Table 4.1). Published data suggest there are gene promoters upstream of the 
gene rumF and bcrA (Neumuller et al., 2001; Gomez et al., 2002) and it was thought 
that a region of the pSC27 genomic DNA insert may promote gene expression. 
 
Interestingly, there was no significant homology between notional translation products 
of the pSC27 insert and any of the open reading frames identified in the P. ruminis 
OR79 butyrivibriocin OR79A gene cluster (Kalmokoff et al., 1999). 
 
ptr and yggB-like genes in clone pSC29 
The genomic DNA cloned into pSC29 contained regions similar to a protease III and a 
gene necessary for mechanosensitive channel function (ptr and yggB respectively; Table 
4.1). Neither of these genes have been previously characterized as being proximal to 
each other in previous reports. Indeed, analysis of gene structure in the organisms that 
are closely related to P. ruminis, such as Clostridium perfringens and C. 
acetobutylicum, revealed no examples of such genes being closely linked (Nolling et al., 
2001; Weng et al., 2001; Shimizu et al., 2002). Analysis of the pSC29 insert showed no 
internal EcoR1 restriction endonuclease site, negating the possibility that two separate 
fragments may have been cloned into the phage during the construction of the genomic 
library. In E. coli, the ptr gene is regulated by its own promoter (Claverie-Martin et al., 
1987), and hence it was thought that cloned fragment may contain a gene promoter.  
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Potential Promoters From Other P. ruminis strains 
Dr Yasuo Kobayashi (Graduate School of Agriculture, Hokkaido University) kindly 
supplied the construct pYK4#98 containing the C. proteoclasticum Bu49 xynA gene 
that was thought to be transcribed from a gene promoter directly upstream (Xue et al., 
1997). 
 
4.4.3  Inactivity of Potential Gene Promoters 
All of the potential gene promoters isolated in this study appeared inactive in strain 
0/10, being unable to confer erythromycin resistance when inserted into plasmid pBK6 
(sections 4.3.4). It was considered likely that many of the genes may not be 
constitutively expressed, but require some form of activation. Based upon the nature of 
the adjacent genes, some potential inducers or activators are listed in Table 4.2.  
 
The nucleotidyl transferase (tagD) gene promoter was not active in P. ruminis. 
However, it has been shown to active in Bacillus subtilis during the stationary growth 
stage (Mauel et al., 1995; Table 4.2).  Primer extension analysis in B. subtilis showed 
that the tagD gene was transcribed from it’s own promoter (Mauel et al., 1995), and the 
surrounding region was not required for tagD gene promoter activity. It is unclear why 
the tagD gene promoter was inactive in P. ruminis. It is possible that the promoter 
requires induction by a currently uncharacterised mechanism or regulatory molecule.   
 
Some form of catabolite repression may control many of the genes related to 
carbohydrate metabolism, such as aga, bglA and xynA. Induction of these genes may 
require the removal of carbon sources such as glucose and cellobiose, both of which 
were present (0.2% w/v each) in the RF medium used to test promoter activity. 
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However, Kobayashi and associates (2003) showed that xynA was transcribed from its 
own promoter in RF medium containing 0.5% (w/v) each of glucose and cellobiose. 
This suggests that catabolite repression cannot explain the apparent inactivity of the 
xynA promoter in pBK6(X). However, the xynA promoter used by Kobayashi and 
associates (2003) to study xynA activity was 158 bp shorter than the xynA promoter 
region cloned into pBK6 in this study (promoter X). It is possible that the extended 
promoter used in this study may include binding motifs for regulatory elements that 
were absent in the promoter used by Kobayashi and associates (2003). The inducible 
nature of the cloned promoter regions was tested in later work (Chapter 6). 
 
4.4.4  Possible Mechanisms of Non-Plasmid-Borne 
Erythromycin Resistance 
In this study, spontaneous, stable, non-plasmid-borne erythromycin resistance was 
observed following electroporation of P. ruminis 0/10, even in the absence of 
transforming DNA (sections 4.3.1; 4.3.1.1). Bacteria displaying plasmid-borne, or 
spontaneous resistance were equally resistant to erythromycin (section 4.3.1.1). This is 
in agreement with results from Lee and associates (2002), who observed no difference 
in the level of resistance between bacteria with plasmid borne erythromycin resistance, 
and that resulting from possible mutation.  
 
Normally erm
r genes encode an N-methyltransferase that methylates a specific adenine 
residue in 23S rRNA, conferring resistance to erythromycin (Weisblum, 1995). The 
occurrence of spontaneous erythromycin resistance has been observed in various 
bacteria (Gregory et al., 2001; Lee et al., 2002) and it has been demonstrated that 
mutations can be responsible for erythromycin resistance in post-electroporation 116 
 
platings (Weisblum, 1995; Lee et al., 2002). It was considered that chromosomal 
integration of the transforming plasmid ermAM gene might have been responsible for 
the observed resistance, which was shown not to be the case (section 4.3.1.1). It is likely 
that the erythromycin resistance observed in this study was a result of a mutation within 
the 23S gene. 
 
4.4.5 Factors Affecting Transformation Efficiencies 
The transformation frequencies observed in this study were lower, but more consistent 
than those described in other studies (Beard et al. 1995; section 4.3.5). For example, 
Beard and associates (1995) observed transformation efficiencies, for P. ruminis grown 
in similar conditions to those used in this study, of approximately 1.5 × 10
2 per µg of 
transforming DNA. However, it was also observed that transformations efficiency 
varied up to 100 fold from one experiment to another. To increase the consistency of 
transformations, defined media such as L-10 can be used. However, transformation 
frequencies around 20 transformants per µg of transforming DNA have also been 
observed with this medium, and such is the variability that, occasionally, as little as one 
transformant per µg of transforming DNA can be expected (Beard et al., 1995).  
 
When low transformation frequencies are the norm, as in this study, small changes in 
experimental variables can result in a failure to obtain transformants. In practice, a lack 
of transformants was difficult to attribute to a specific cause, and failures could have 
resulted either from interference in the transformation process, or from the absence of a 
functional promoter within the rescue plasmid. In summary, although the promoter 
rescue plasmid approach was suitable for the isolation of promoters, variability in 
transformation efficiencies and difficulty in obtaining sufficient transforming DNA can 
reduce the effectiveness of this approach for identifying gene promoters. 117 
 
Table 4.2  Substrates or conditions considered likely to induce the promoter activity of potential gene promoters from the P. ruminis 0/10 gene library. 
It was thought that genes related to immunity to bacteriocins would be related to the expression of genes encoding the bacteriocin (Neumuller et al., 
2001). 
 
Plasmid  Gene downstream of 
promoter 
Gene coding  Possible [substrate] or (growth condition) 
likely to activate promoter. 
Reference 
pBK6(12)  aga  ß-galactosidase  [raffinose] 
[mellobiose] 
(McLaughlin and Ferretti, 1996) 
pBK6(14)  tagD nucleotidyl 
transferase 
 (stationary) 
(increased temperature) 
(Mauel et al., 1995) 
 
pBK6(25)  bglA  ß-glucuronidase  [cellobiose] 
[p-nitrophenyl ß-D-glucuronide] 
(Lin et al., 1990) 
pBK6(27)  rumF 
bacteriocins  
bacteriocin 
immunity 
[trypsin] 
(optimum pH) 
(temperature) 
(stationary) 
[acetate] 
[NaCl] 
(Gomez et al., 2002) 
(Nilsen et al., 1998) 
(De Vuyst et al., 1996) 
(Neumuller et al., 2001) 
(Nilsson et al., 2002) 
(Uguen et al., 1999) 
pBK6(29)  ptr  protease [unknown]   
pBK6(X)  xynA  xylanase  [larchwood xylan]  (Mannarelli et al., 1990) 
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4.4.6 Comments 
 
In this section of the study: 
•  Using promoter rescue plasmids pBK5 and pBK6, a total of 4 promoters were 
isolated from P. ruminis strain 0/10  
•  The activity of a promoter, isolated from strain OR38, was shown in strain 0/10 
•  A genomic library of strain 0/10 was produced, from which five potential gene 
promoters were identified, which were under normal conditions inactive in vivo.  
•  They xynA gene promoter, suggested to be active in other studies (Mannarelli et al., 
1990), was inactive in strain 0/10 under normal conditions.  
 
The observation that many potential gene promoters isolated from the P. ruminis gene 
library were not active in bacteria grown in RF-medium, highlights the possibility that 
many of the gene promoters isolated may require induction. Consequently, the types of 
gene promoter that can be isolated using promoter rescue plasmids may be selectable by 
the medium used in their selection.  
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Chapter 5 : Analysis of Gene Promoter 
Structure 
5.1 Introduction 
Gene promoters, and their important structural aspects, are identified by their position 
relative to the transcriptional start site. For example, the -10 and –35 elements refer to 
the position of transcriptional control hexamers, relative to the start site (De Haseth et 
al., 1998). Other elements of the promoter region include the upstream element (UP), 
the downstream discriminator, and initial transcribed sequences (DIS and ITS 
respectively; Bashyam and Tyagi, 1998; De Haseth et al., 1998; Vo et al., 2003). These 
sequences may be involved in transcription initiation, including RNAP DNA-binding 
specificity and positioning, open complex formation, transcription initiation and 
promoter clearance (Murakami and Darst, 2003). These structures, in combination with 
other intrinsic and extrinsic factors, dictate the rate of productive transcription initiation, 
i.e. the rate of full-length nascent transcript production. 
 
The first step in confirming the presence of, and analyzing, gene promoters is the 
identification of the transcription start site. This can be done using techniques such as 
S1 nuclease mapping and primer extension analysis of mRNA (Sambrook and Russell, 
2001). The latter method, which was chosen for this study, involves reverse 
transcription of mRNA to produce radioactively or fluorescently labeled cDNA. The 
resulting cDNA is electrophoresed adjacent to labeled size markers, or a DNA 
sequencing ladder created using the same primer (Myohanen and Wahlfors, 1993; 
Altermann et al., 1999; Sambrook and Russell, 2001; Fekete et al., 2003). Previously, 
primer extension techniques were performed using hazardous reagents, such as 
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specialized laboratory software and hardware. In this study a fluorescent primer 
extension technique was developed, allowing extension products to be analyzed using a 
commercial sequencing service. 
 
The aims of this section of research were to:  
•  optimize a novel and precise primer extension technique. 
 
and to identify: 
•  transcriptional start sites downstream of the gene promoters identified in Chapter 4,  
•  conserved regions within P. ruminis gene promoters,  
 
5.2 Methods 
5.2.1 Growth Curves of P. ruminis  
To determine if promoter activity was dependent upon growth phase and to maximize 
the likelihood of detecting transcription, growth curves were constructed so that RNA 
could be extracted from P. ruminis cultures at different growth stages. Experiments 
were performed in triplicate, on P. ruminis strain 0/10 grown in RF medium, in the 
presence of: plasmid pBK6(18), pBK6(14), or no plasmid.  
 
Cultures were prepared in a similar manner to those used for RNA extraction and were 
harvested for OD measurements as follows: 
1.  Cultures were incubated at 39°C in Hungate tubes, in a non-shaking water bath. 
2.  Samples were harvested anaerobically using a syringe,  
3.  Exact volumes were aliquoted into micro-centrifuge tubes, and centrifuged for 3 min 
at 20 000 × g. 121 
 
4.  The supernatant was discarded and the cells were resuspended in saline for 
measurement of optical density at 600 nm. 
 
5.2.2  Primer Extension Analysis 
The primer extension technique used in this study involved: 
•  Production of DNA from mRNA template using the enzyme avian myeloblastosis 
virus (AMV) reverse transcriptase and a fluorescently labeled primer, designed to 
anneal to mRNA downstream of the transcription start site of the ermAM gene.  
•  Fluorescently labeled cDNA was co-precipitated and electrophoresed with 
fluorescent DNA sequencing products, primed using the unlabeled form of the same 
primer, with the matching plasmid template. Reaction products were analyzed using 
an ABI 377XL sequence scanner. 
 
5.2.2.1 Primer Extension Protocol 
RNA was extracted from E. coli and P. ruminis using a variant of the hot, acidic phenol 
method (section 2.5.18). Total RNA was extracted from E. coli harboring pUC18, 
grown to an OD of approximately 1.0 in LB medium with 50 µg/mL ampicillin. Total 
RNA was extracted from duplicate cultures of P. ruminis harboring variants of plasmid 
pBK6, which were grown in RF medium supplemented with 100 µg/mL erythromycin. 
Cultures were harvested at 6 or 10 h post-inoculation, corresponding to mid-log and 
early stationary growth phases respectively. RNA extracted from P. ruminis required 
DNase treatment to remove residual plasmid DNA. This involved: 
1.  Incubation of RNA for 45 min at 37°C with: DNase reaction buffer and 2 U of RQ-1 
DNase, in a reaction volume of 100 µL. 122 
 
2.  Inactivation of DNase and further purification of the RNA, using a single hot, acidic 
phenol extraction.  
3.  RNA was ethanol precipitated and redissolved in 10 – 15 µL water. 
 
RNA preparations from P. ruminis 0/10 were viscous, possibly due to the presence of 
residual carbohydrates (Beard et al., 1995). The additional phenol extraction following 
DNase treatment reduced this problem.  
 
RNA preparations were analyzed by gel electrophoresis and spectrophotometry (A260nm) 
for integrity and quantity respectively. Reverse transcription analysis was performed as 
follows: 
In order of addition, reactions contained: 5 – 35 µg of total RNA, 3 µM Hexachloro 
Fluorescein (HEX) labeled primer, AMV reverse transcriptase reaction buffer, 1.7 mM 
each of the four deoxynucleotide triphosphates, 20 – 40 U of RNasin Ribonuclease 
Inhibitor, 10 U of AMV reverse transcriptase, in a total volume of 30 µL. The reaction 
was incubated for 60 min at 42°C. Primer extension products were purified using a 
silica matrix-binding, method (section 2.5.8), and dissolved in water. 
 
Primer extension products were co-electrophoresed with sequencing ladder as follows: 
•  Approximately 75% of purified primer extension product was co-precipitated with 
products from rhodamine or Big Dye sequencing reaction (25% or 12.5% of these 
reactions respectively). 
•  Combined PE/sequencing products were analyzed on 0.2 mm thick 5.25% Page 
Plus acrylamide gels, containing 6M urea, using 48cm well-to-read plates and a 
standard 1200 scans/hour sequencing run module on an ABI PRISM 377XL 
sequencer. Filter sets A and E were used for the rhodamine and Big Dye V3.1 123 
 
sequencing reactions respectively. The sequencer was operated by Frances Brigg 
(State Agricultural Biotechnology Centre). 
 
HEX-labeled primer extension products were displayed as a green chromatogram peak 
superimposed over the sequencing chromatogram. This colour also represented 
adenosine bases within the sequence. To differentiate primer extension peaks from 
adenosine bases, different dilutions of the primer extension products were analyzed with 
the sequencing reaction. Changes in peak amplitude, over a dilution series identified 
those corresponding to the presence of a HEX labeled DNA molecule. 
 
5.2.2.2 Migration Analysis of HEX Labeled DNA Molecules 
Tests were performed to compare the electrophoretic migration of DNA molecules 
labeled with HEX, Big Dye terminators, or rhodamine dye terminators, by co-migration 
of HEX-labeled size markers with either a Big Dye or Rhodamine sequencing products. 
Size standards were HEX-labeled PCR products (Table 5.0). Reactions included: 
pUC18 template, pfu  DNA polymerase, and the HEX labeled primer TSS1H in 
combination with one of the primers: TSSstd100R, TSSstd200R, TSSstd300R, 
TSSstd391R, TSSstd472 or ItognControlRev. 124 
 
 
Table 5.0 Size standard PCR products used for calibration of primer extension analysis. 
Labeled PCR products were co-electrophoresed with a TSS1 primed Big Dye or 
Rhodamine labeled sequencing products. Primer TSS1 = TSS1H without HEX label. 
 
Primer TSS1H in 
combination with: 
Product Size 
TSSstd100R  100 
TSSstd200R  200 
TSSstd300R
  300 
TSSstd391R  391 
TSSstd472  472 
ItognControlRev  595 
 
Labeled PCR products and sequencing reactions were co-electrophoresed as described 
in section 5.2.2.1. 
 
5.2.2.3 Validation of Primer Extension Method 
To assess the accuracy, range and consistency of the method developed in this study, 
primer extension analysis was performed on the previously mapped blaA transcription 
start site (Brosius et al., 1982). Three fluorescently labeled oligonucleotides, which 
bound to the mRNA at three different positions relative to the blaA start site, were used 
to prime the reverse transcription of blaA mRNA. Reverse transcripts of 119, 270 and 
520 bp were produced using HEX labeled versions of primers TSS1, TSS2 and TSS3 
respectively (Figure 5.0). Reverse transcripts were co-electrophoresed with rhodamine 
or Big Dye based sequencing products from primers TSS1, TSS2 or TSS3 and pUC18 
template.  125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.0  Position and sizes of primers used for transcriptional analysis of the pUC18 
blaA gene. 
 
5.2.3  Searching for DNA motifs 
To identify possible regulatory elements intrinsic to P. ruminis and closely related 
species promoters, promoters identified, were analyzed using the programs AlignAce 
(Ver. 3.0; Hughes et al., 2000) and MEME (Ver. 3.0; Bailey and Elkan, 1994; section 
2.5.21.1). Nine promoters, in which transcription start sites had been determined in P. 
ruminis, were examined, including: the promoters described in section 5.3.3.2 and the 
flaA1 and flaB promoters (Beard et al., 2000; Kalmokoff et al., 2000). The promoter 
present in pBK6(54) was not included in this analysis. Regions extending from –200 to 
  
pUC18
2686 bp bp
blaA 
lacZ TSS3
TSS1 
TSS2 
blaA TSS
P(LAC) 
ORI
119 bp 
270 bp 
520 bp 126 
 
+100 bp were examined. Due to the lack of available sequence, promoters 46 and flaB 
were examined between –200 to +26 and -152 to +200 respectively. This was the case 
for all future analyses of these regions. Motifs that were present in similar positions in 
numerous promoter regions, were presented as potentially common elements in P. 
ruminis gene promoters.  
 
5.2.4 Searching for Palindromic Sequences 
To identify potentially significant protein binding, transcription attenuation, and 
antitermination sites common to P. ruminis promoter regions, the same promoter 
regions that were analyzed for DNA motifs (section 5.2.3), were analyzed using the 
online EMBOSS Palindrome program
  as described previously (section 2.5.21.2). 
Comparisons were made between the distribution of palindromes in native promoters 
and in randomized versions of the same sequences. Sequences were randomized using 
BCF Sequence Shuffling Program
7. To determine if the number of palindromes detected 
in native and randomized promoters was significantly different, the Wilcoxon Matched-
Pairs Signed-Ranks Test was used
8. 
 
5.2.5 Analysis of DNA curvature 
Analysis of DNA curvature was performed using the program Bendit (Munteanu et al., 
1998), which measures bending, and DNA curvature as a product of several co-oriented 
bends. In this program sequence-dependent bendability data were taken from Gabrielian 
and associates (1996b) and the consensus scale used was produced by the averaging of 
two bendability scales. These were derived from statistics of nucleosome positioning 
(Satchwell et al., 1986) and DNaseI cutting frequencies (Brukner et al., 1995).  
                                                 
7 http://scrugs.biosci.arizona.edu/util/shuffle.html 
8 http://www.fon.hum.uva.nl/Service/Statistics/Signed_Rank_Test.html 127 
 
 
A window of 31 bp was used to analyse the curvature of 200 bp sections of P. ruminis 
and closely related species promoters, randomized promoters, and coding regions, listed 
in Table 5.1. Either entire coding regions (totalling 25092 bp), or a 200 bp section, 
between 600 and 800 bp downstream of translation start sites, were analyzed. Student’s 
T-test was used to determine the significance of variation between average curvatures of 
the groups, using a two-tailed distribution, assuming the two-groups were of equal 
variance.  
 
5.2.6 Derivation of Consensus Sequences 
Consensus sequences were derived from experimentally confirmed gene promoters 
(Figure 5.8). Generally, motifs defined as strong consensus sequences possessed a 
dominant nucleotide identity in at least 6 of 7 promoters analyzed. Where less than 6 of 
the 7 nucleotides were conserved, IUB codes were used to describe all nucleotides at 
that position. Weak consensus sequences were defined using IUB codes, describing the 
identity of every nucleotide present at any position, regardless of conservation at that 
position. Weak motifs were constructed, describing the –10 element consensus as a 
hexamer, as well as an octamer. The combined set of weak and strong consensus motifs 
were termed the derived consensuses. Promoters, from which patterns were derived, 
were used as controls to validate the sensitivity of searches. 
 
5.2.7  Identification of Potential Promoters in other P. 
ruminis and Closely Related Species 
The GCG program FindPatterns, integrated in WebANGIS (3rd version; Australian 
National Genomic Information Service) used sequence patterns, defined using IUB 128 
 
codes (Appendix 1), to detect potential promoter regions within 200 bp upstream of 
putative P. ruminis and closely related species coding regions listed in Table 5.1. Where 
less than 200 bp of 5’ sequence was available, the largest possible section was analyzed. 
In addition, where divergent genes were present, only the intergenic region was 
analyzed. The patterns used to search sequences were variants of the consensus derived 
from experimentally determined gene promoters.  
 
Table 5.1  Regions upstream of genes analyzed for the presence of gene promoters, and 
those used as background for calculation of DNA curvature. 
 
Gene  Reference  Gene  Reference 
6 (recD) this  study  end1
□  (Berger et al., 1989) 
12 (aga) this  study  flaA
□  (Beard et al., 2000; Kalmokoff et al., 
2000) 
14 (tagD)
*  this study  flaB
□  (Kalmokoff et al., 2000) 
25 (bglA)
* this  study  galT
▲  (Utt et al., 1991a) 
27 (mrsF)
* this  study  glgB
□  (Rumbak et al., 1991b) 
29 (ptr)
* this  study  glnA
□  (Goodman and Woods, 1993) 
akrI  (Dalrymple et al., 1996b)  marR
▲  (Dalrymple et al., 1996b) 
amyA
□  (Rumbak et al., 1991a)  pre (pOM1)
□  (Hefford et al., 1997) 
ara
□  (Whitehead, 1996)  pre (pRJF1)  (Hefford et al., 1993) 
bvi79A  (Kalmokoff et al., 1999)  pre (pRJF2)  (Kobayashi et al., 1995) 
bglA  (Lin et al., 1990)  tetW
□  (Scott et al., 1997) 
ced1
□  (Berger et al., 1990)  thl  (Asanuma et al., 2002) 
celA
□  (Hazlewood et al., 1990)  xynA  (Mannarelli et al., 1990) 
cinA
□  (Dalrymple et al., 1996a)  xylB
○  (Utt et al., 1991b) 
cinR  (Dalrymple and Swadling, 1997)  xynB
□  (Lin and Thomson, 1991) 
cinB
□  (Dalrymple and Swadling, 1997)    
 
* Full length coding regions were not identified for these genes. The promoter regions were shown not to 
be active in P. ruminis under standard post-electroporative conditions.  
□ Also used to calculate background curvature. 
○ Used exclusively to calculate background curvature. 
▲ Using the program BlastX the 3
rd open reading frames in cinA and xylB Genbank sequences were 
identified as marR and galT respectively. 
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5.3 Results 
5.3.1 Development and Validation of Primer Extension 
Analysis Protocol 
A novel primer extension protocol was developed in this study to determine the position 
of transcription start sites (section 5.2.2). Before the application of the technique to 
unknown sequences, experiments were performed to determine the range and accuracy 
of the technique.  
 
5.3.1.1 Migration Analysis of HEX and Big Dye Labeled DNA Molecules 
DNA molecules labeled with HEX were shown to migrate proportionally faster than 
those labeled with rhodamine dye terminators (Figure 5.2; section 5.2.2.2). For every 
100 bp length, HEX labeled DNA migrated at a position approximately 1 bp smaller 
than DNA molecules labeled with rhodamines. The effect was cumulative, with the 
difference in migration of HEX and rhodamine labeled DNA molecules increasing in 
proportion with the size of the DNA. The relationship between HEX labeled molecule 
size, and the observed size is shown in Figure 5.1a. The HEX labeled molecule size, in 
bp equivalents, could be determine from the observed molecule size (nt) using the 
formula:  
y = (x + 0.1234) ÷ 1.0107 
where y is the actual size of the HEX labeled molecule and x is the observed size of the 
HEX labeled molecule (nt).  
 
Relative to DNA molecules labeled with Big Dyes, the electrophoretic mobility of HEX 
labeled DNA <300 bp in length was retarded (Figure 5.3). 300 bp HEX and Big Dye 130 
 
labeled molecules migrated at approximately the same position. Whereas, HEX labeled 
molecules >300 bp migrated relatively faster than Big Dye labeled molecules. The 
relationship between HEX labeled molecule size, and the observed size is shown in 
Figure 5.1b. The HEX labeled molecule size, in bp equivalents, could be determine 
from the observed molecule size (nt) using the formula:  
y = (x + 5.9408) ÷ 1.0183 
where y is the actual size of the HEX labeled molecule and x is the observed size of the 
HEX labeled molecule (nt).  
 
Identification of HEX labeled molecules larger than approximately 500 bp in length was 
not practical using either Rhodamine or Big Dye based technologies (Figure 5.2; Figure 
5.3). At longer sequence lengths, chromatogram peaks corresponding to HEX labeled 
molecules became broad and poorly resolved, making it difficult to determine their 
exact position. In one experiment, a single 300 bp HEX labeled DNA molecule yielded 
double peaks (Figure 5.2 & Figure 5.3). This observation is discussed below (section 
5.4.1).  
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Figure 5.1   The relationship between the mobility of HEX labeled DNA molecules, 
relative to: (A) rhodamine and (B) Big Dye labeled molecules. The formulae describing 
curves A and B are: y = 1.0107x - 0.1234, with an R
2 value of 1, and y = 1.0183x - 
5.9408, with an R
2 value of 1, respectively.  
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Figure 5.2 The affect of HEX labeled DNA molecule size on electrophoretic mobility, relative to  
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molecules labeled with rhodamine dye terminators. Columns: length of the HEX labeled DNA 
molecules in bases. (i): pUC18 sequenced using rhodamine dye terminators and the primer 
TSS1;  (ii): pUC18 sequenced using rhodamine dye terminators and the primer TSS1, co-
precipitated and electrophoresed with HEX labeled DNA molecules of known length; (iii): As 
described in (ii), with diluted HEX labeled DNA molecules . Annotations show hypothetical (|) 
and actual (Ä) migration positions of HEX labeled DNA molecules. In column 300 (ii), the 
boxed Ä indicates the correct position of the 300 bp HEX labeled DNA molecule. 133 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3  The affect of HEX labeled DNA molecule size on electrophoretic mobility relative to DNA molecules labeled with Big Dye terminators. 
Columns: length of the HEX labeled DNA molecules in bases. (i): pUC18 sequenced using rhodamine dye terminators and the primer TSS1; (ii): 
Sequencing products co-precipitated and electrophoresed with HEX labeled DNA molecules of a known length. Annotations show hypothetical (|) 
and actual (Ä) migration positions of HEX labeled DNA molecules respectively. In column 300, the boxed Ä indicates the correct position of the 300 
bp HEX labeled DNA molecule. 
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5.3.1.2  Control Primer Extension Analysis 
To assess the accuracy, range and consistency of the method developed in this study 
primer extension analysis of the previously mapped blaA transcription start site was 
performed (Figure 5.4 & Figure 5.5). After appropriate correction (section 5.3.1.1) the 
primer extension method was used to identify the blaA transcription start within 1 base, 
when related to rhodamine or Big Dye based sequences (Table 5.2).  
Table 5.2  Comparison between theoretical, observed and corrected lengths (nt) of HEX 
labeled primer extension products co-electrophoresed with rhodamine and Big Dye 
based sequence. Data were used to test the ability of the primer extension technique to 
determine the transcription start site of the pUC18 blaA gene.  
 
HEX labeled Primer  Theoretical Length of 
ss cDNA  
Observed Migration  Corrected Migration 
Rhodamine  
TSS3 119  120 118.5 
TSS2 270  272  269 
TSS1 520  525 519.5 
Big Dye 
TSS3 119 114.5 118 
TSS2 270 268.5  269.5 
TSS1 520 523.5 520 
 
 135 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4  Identification of the pUC18 blaA transcription start site using fluorescently 
labeled primer extension products. (i): Rhodamine based sequence, from primers 
(columns left to right) TSS1H, TSS2H, TSS3H; (ii) (iii) and (iv): rhodamine based 
sequence co-electrophoresed with dilutions of primer extension products from HEX 
labeled primers. Annotations show hypothetical (|) and actual (Ä) migration positions 
of HEX labeled primer extension products. 
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|
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|
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|
|
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Figure 5.5  Identification of the pUC18 blaA transcription start site (TSS) using fluorescently labeled primer extension products. Sequence obtained 
using Big Dye terminators and (columns left to right) primers TSS1, TSS2 and TSS3. (i): Big Dye sequence; (ii): Big Dye sequence, co-
electrophoresed with a dilution of HEX labeled primer extension products. Annotations show hypothetical (|) and actual (Ä) migration positions of 
HEX labeled primer extension products.  
|
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|
| |
|
Ä
Ä
Ä
TSS1 TSS2 TSS3
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5.3.2 Primer Extension Analysis of P. ruminis Promoters 
Growth Curves 
The use of different batches of culture medium, the presence of antibiotics in the media, 
or the presence of a plasmid within the cells, changed the end point optical density of 
the culture (Figure 5.6). Generally, the bacteria were in mid-log and early stationary 
phases at 6 h and 10 h post-inoculation.  
 
Primer Extension  
Rhodamine-based primer extension reactions were performed on RNA extracted from 
P. ruminis containing variants of pBK6 with different gene promoters (section 5.2.2.1). 
Primer extension products were identified in 5 of the 6 promoter fragments (Figure 5.7). 
Correction formulas (section 5.3.1.1) were applied, to identify transcription start sites 
(Table 5.3). Single initiation sites were identified in promoters 10, 18, 54, and 46, whilst 
two initiation sites were identified in promoter 38, interspaced by 110 bp. In promoters 
18 and 54, which differed by only one nucleotide, transcription start sites differed by 17 
bp. No start site was identified in promoter 6 (2 experiments). 
 
5.3.3 Analysis of Gene Promoter Structure 
5.3.3.1  Position of Transcription Start Site Relative to Putative Coding 
Regions 
Of the 4 promoter regions in which transcription start sites were identified (section 
5.3.2), the surrounding gene structure of promoters 10 and 46 were proposed in Chapter 
4. The start site in promoter 10 was concluded to be 83 bp upstream of the putative clpP 
start codon. The transcription start site of promoter 46 was 26 bp upstream of the end of 138 
 
the cloned DNA fragment and no downstream coding region could be directly identified 
(section 4.4.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6  Optical densities of P. ruminis 0/10 cultures, in the presence (n = 4) and 
absence of plasmid (n = 3), during growth at 39°C. Error bars indicate the standard error 
of the mean. 
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Figure 5.7 Primer  extension  analysis  of  promoters,  cloned   in  pBK6,   from  P. ruminis   strains  0/10   and  OR38. Column 
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    18       54     46      10     38A      38B 
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Ä
Ä 
(i) 
(ii) 
(i) 
(ii) 
(i)
(ii)
(i)
(ii)
(i)
(ii)
(i)
(ii)
(iii)
headings: identity of plasmid used in B.fibrisolvens strain 0/10 for the primer extension study. Those containing two primer 
extension termination sites are shown as (A)  and (B). Rows: (i): Sequence of the promoter region, using rhodamine dye 
terminators and the primer TS1; (ii): Rhodamine based sequence of the promoter region, primed using TS1, co-
electrophoresed with HEX labeled primer extensions, primed using TS1H; (iii): As described in (ii), however less of HEX 
labeled primer extension product was used. The annotation Ä shows the uncorrected transcription start site, indicated by the 
presence of an additional chromatogram peak. 
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Table 5.3 Length of HEX labeled primer extension products co-electrophoresed with 
rhodamine based sequence. The formula described in section 5.3.1.1 was used to define 
the corrected position of transcription start sites (TSS). All values are expressed in 
number of nucleotide bases.  
 
Plasmid 
Containing 
Promoter 
Length of  PE 
Product 
(Uncorrected) 
 
Length of  PE 
Product  
(Corrected)  
Length of PE 
Product 
(Corrected & 
Rounded) 
TSS (Uncorrected; 
antisense strand)  
TSS (Corrected; 
antisense strand)
18 220  217.79  218  TAAGGCT  TAAGGCT 
54 203  200.97  201  GCTACGT  GCTACGT 
46 118.5  117.37  117  TTCTTAT  TTCTTAT 
10 204  201.96  202  TCGATAT  TCGATAT 
38A
*  240.5 238.08  238  AACTCGT  AACTCGT 
38B
*  352 348.40 348  AACGAAT  AACGAAT 
 
* Both transcriptional start sites were detected within the same promoter insert. 
 
5.3.3.2  Identification of Conserved Nucleotide Sequences  
Search for Known Motifs 
Alignment of gene promoters, in which the transcription start site has been identified in 
P. ruminis, in this and previous studies, showed conserved regions upstream of each 
start site, corresponding to the well characterized –35 and –10 hexamers. In these 
promoters, however, the –10 motif extended to 8 bases, including an additional 
conserved nucleotide on both 5’ and 3’ sides. Strong consensus sequences for –35 and  
–10 elements (section 5.2.6) were TTDWMA and AYAATAWW respectively (Figure 
5.8). These can also be represented as TTgacA and AtAATAta respectively, where 
upper and lower case letters represent uniform and most conserved nucleotide identities 
respectively. In weak consensus sequences, –35 and –10 elements were defined as 
WWDWHW and AYWWWAWW respectively. In 3 of the 7 promoters, –10 elements 
appeared to be conserved an additonal 2 bp on the 5’ side (TG; Figure 5.8). The 141 
 
interspacer between elements was between 16 – 18 bp and the –10 element was 10 – 22 
bp upstream of the transcriptional start. In 6 of the 7 promoters the –10 element was ≤14 
bp upstream of the start site.  
 
A/T rich regions preceded –35 elements, with weakly conserved strings of A’s or T’s 
that appeared to represent the UP element (Figure 5.8). No A/T tracts were identified 
within initial transcribed sequence, in phase with the –10 and –35 elements (Figure 5.9). 
The conservation of sequence within the aligned promoter regions is graphically 
presented in Figure 5.10. No significant conservation of sequence was observed in the 
transcription start site, the downstream discriminator sequence, or the interspacer.  
 
Search for Common Motifs 
The programs AlignAce 3.0 and MEME were used to search for common motifs within 
promoter sequences (Table 5.4; section 5.2.3).  
1.  Motif A occurred in 4 of the 9 promoter regions analyzed, within 99 – 142 bp 
upstream of a transcription start site (MEME; Table 5.4).  
2.  Motif B appeared 5 times in promoter 10, and could be extended a further 3 bp 
upstream and downstream. This motif also appeared in 3 other promoter regions, but 
the extended motif was not present in these sequences and there appeared to be no 
correlation between motif and transcription start site positions (MEME; Table 5.4).  
3.  Motif C (AlignAce; Table 5.4) and is composed of A tracts interspaced by T tracts. 
This motif was present in 7 of the 9 promoters analyzed, within 64 bp of a 
transcriptional start site.  
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Figure 5.8  Manual alignment of 7 promoters identified in P. ruminis and closely related species. Promoters 10, 18, 46 and 54 were isolated from P. 
ruminis strain 0/10. Promoter 38 was isolated from P. ruminis strain OR38 (Schoep, 1999). The rep promoter was from Clostridium proteoclasticum 
plasmid pOM1 (Hefford et al., 1997). The flaA2 promoter was identified upstream of flaA gene in P. sp. strain OR77 (Beard et al., 2000). Promoters 
54 and 18 were within the same promoter fragment and differed by only a single nucleotide (shaded). Transcription start sites are underlined. The 38A 
and 38B TSSs were identified within the same fragment. The 38A TSS is 110 bp upstream of the 38B TSS. The 54 TSS is 17 bp downstream of the 18 
TSS. The –10 and –35 elements are blue, capitalized and boldfaced. Consensus sequences are shown at the bottom of the figure, with the frequency of 
consensus nucleotides displayed beneath their respective positions. Possible extensions of the –10 element, are black, boldfaced, capitalized and have 
been incorporated into the consensus sequence. Possible further extensions to -10 elements (EX -10) are boldfaced and incorporate the 1
st base of the 
conserved and capitalized –10 region. Other possible elements are: UP: upstream element (overlined); and DIS: downstream discriminator sequence  
38A   tgaaatcgagtgtttcatcaaaaagattaaaaaaataaatcttaaaaagtgc T T G A C A aag—-caagctgctcatg A T A A T A T A aacgagt 
38B   aattgagagaattatcggaatataaagacattaattattttgaaaaaacctg T T G A C T ttg--tggtagtgggatg A T A A T A T A ctattcgtt 
 46   tttttttatactttttatccttcttttattaataagtaatcatggttaacaa T T G T T A ttt--ttcaaggtctttg A T A A T A T A tgataag 
 18   agaatgttacagccgatgatatcagattctatagaacaaaattaaatacata T T G C A A cctgaatgagaatcattt A C A A T A T A gcctt 
 10   gtctacagaagagtaataagtgttaagattttattaactttttgtaaaatca A A G A C A gggactctcaaaatatat A T A A T A A A tatcga 
 
 
rep   taatttttaattacatttgttctaatttttaactacaaatgttctaattaaa T T A T A A caaa-tgttgtaatctgt A T T A T A A T ttgttatagtcttgtta 
flaA2 tgggcagttatttttcatataacgccgcggaagagtaactgttttttgtacc T T T A C A atttaataaggtatacct A C A T A A T T ccaccttg 
 
                                                           T T D W M A                    A Y A A T A W W       
                                                           6 6 7 6 6 6                    7 8 6 6 6 7 7 7    
                                                           7 7 7 7 7 7                    7 7 7 7 7 7 7 7       
 
 
54    gccgatgatatcagattctatagaacaaaattaaatacatatagcaacctga A T G A G A atca-tttacaatatagc C T T A T G A A atttgaacgtag 
-35 -10 interspacer UP DIS Prom.  EX-10143 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9  The distribution of W≥4-tracts in P. ruminis and closely related species promoter regions and initial transcribed sequence (ITS). A: Promoter regions 
aligned by transcription start sites B: Promoter regions aligned by –10 elements (shaded). 
 
 
TSS 
   ↓ 
     -60       -50       -40       -30       -20       -10        +1       +10       +20       +30       +40       +50       +60  
      |....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|. 
38a   aaaaaaataaatcttaaaaagtgcttgacaaagcaagctgctcatgataatataaacgagttgctgctgagaagcacaacaaacgaagattgataactgaacagtgaaacaaaccttgaat  
38b   ttaattattttgaaaaaacctgttgactttgtggtagtgggatgataatatactattcgttccgcgagagcagaacacaagatgaaatcgagtgtttcatcaaaaagattaaaaaaataaa  
46    ttaataagtaatcatggttaacaattgttatttttcaaggtctttgataatatatgataagaaattcttagaggtgaaaaatggatc                
18    ctatagaacaaaattaaatacatattgcaacctgaatgagaatcatttacaatatagccttatgaaatttgaacgtagcaatgactatcgcaacaagttcataagcaaatatggtactatc  
10    tttattaactttttgtaaaatcaaagacagggactctcaaaatatatataataaatatcgaagtcacacactagcctgggcttatgctcgggcttagtgtctatttaaaacacactaaatt  
rep   tgttctaattaaattataacaaatgttgtaatctgtattataatttgttatagtcttgttagaacattttatcgttttttattagttttttattttttttaccatatttaatttgtgttaa  
flaA2 agagtaactgttttttgtacctttacaatttaataaggtatacctacataattccaccttgatagctagtggtggttggtcacaccacttgttatatagatacggatgcaagcctaaagta 
flaA1 ggtacaaattttttaaataagaaactaaaagatttttgtggcttttccgataactaaattagatggagacagtaaacctatgtttttgtcgtccaactgggcagttatttttcatataacg  
flaB  caaatgaaaattttttttaaaaaggggtaaagtttttggacacgcaaacgataaataaggtgtaaggaaaaattacccttggaaaatcgaattcgaatctttagaaaaatcaaatttaata  
 
 
 
      10        20        30        40        50        60        70        80        90       100       110       120       130  
      |....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|. 
38a   ttaaaaaaataaatcttaaaaagtgcttgacaaagcaagctgctcatgataatataaacgagttgctgctgagaagcacaacaaacgaagattgataactgaacagtgaaacaaaccttga  
38b   gacattaattattttgaaaaaacctgttgactttgtggtagtgggatgataatatactattcgttccgcgagagcagaacacaagatgaaatcgagtgtttcatcaaaaagattaaaaaaa  
46    tattaataagtaatcatggttaacaattgttatttttcaaggtctttgataatatatgataagaaattcttagaggtgaaaaatggatc  
18    ctatagaacaaaattaaatacatattgcaacctgaatgagaatcatttacaatatagccttatgaaatttgaacgtagcaatgactatcgcaacaagttcataagcaaatatggtactatc  
10    ttttattaactttttgtaaaatcaaagacagggactctcaaaatatatataataaatatcgaagtcacacactagcctgggcttatgctcgggcttagtgtctatttaaaacacactaaat  
rep   ttaactacaaatgttctaattaaattataacaaatgttgtaatctgtattataatttgttatagtcttgttagaacattttatcgttttttattagttttttattttttttaccatattta  
flaA2 ggaagagtaactgttttttgtacctttacaatttaataaggtatacctacataattccaccttgatagctagtggtggttggtcacaccacttgttatatagatacggatgcaagcctaaa  
flaA1 tagggtacaaattttttaaataagaaactaaaagatttttgtggcttttccgataactaaattagatggagacagtaaacctatgtttttgtcgtccaactgggcagttatttttcatata  
flaB  tacaaatgaaaattttttttaaaaaggggtaaagtttttggacacgcaaacgataaataaggtgtaaggaaaaattacccttggaaaatcgaattcgaatctttagaaaaatcaaatttaa  
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B 144 
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Figure 5.10  A graphical representation of nucleotide sequence conservation within P. ruminis and closely related species promoters, aligned at –10 
elements. Bracketed regions correspond with the conserved regions illustrated in Figure 5.8, excluding promoter 54, including the –10, -35, and UP 
elements. The red –10 bracket indicates the expanded region of conservation among P. ruminis gene promoters. Constructed using Weblogo version 
2.2
9 (Schneider and Stephens, 1990; Crooks et al., In progress). 
                                                 
9 http://weblogo.berkeley.edu/ 
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Search for Palindromic Sequences 
Numerous stem loop structures were detected in promoter regions (section 5.2.4; Table 
5.5). Most occurred between positions –133 and –38 in 8 of the 9 sequences analyzed, 
with approximately 65% of stem loop structures present in a region representing only 
32% of the sequence analyzed (Figure 5.11). 
 
Table 5.4  Common motifs detected in promoter sequences using the programs MEME 
and AlignAce. The positions of motifs are shown relative to transcription start sites. 
Highlighted regions show possible extensions of the motifs in promoter 10. Numbers 
associated with promoter identities in parentheses refer to the motif position; relative to 
transcription start sites within dual promoters.  
 
Promoter    Motif  Position of 3’ end Relative to TSS 
MEME       
18 
flaA 
flaB 
rep 
A  GGATTTTGC 
GGCTTTTCC 
GGCTTCTGC 
GGATTTTGC 
-136 (18), 101(54) 
-13 (flaA1), -141 (flaA2) 
-99 
-106 
10 
10 
10 
10 
10 
38a 
flaA 
flaB 
B  CTACAAAGAAGTCTACT
CAGCAAAGAAGACTACA
TGCAGAAGGCG 
CTACAAAGAAGGCTGAG
CTAAGAAGAAGGCTACA
CAAAGCAAGCT 
CGCGGAAGAGT 
CGCAGAAACCT 
-101 
-113 
-145 
-161 
-173 
-22 
-56 
-129 
AlignAce       
10 
10 
10 
18 
38a 
38b 
46 
flaA 
flaA 
rep 
C  AATATATATAATAAA 
AACTTTTTGTAAAAT 
AATAAGTGTTAAGAT 
AACCTGAATGAGAAT 
AATAAATCTTAAAAA 
AATTATTTTGAAAAA 
AAGGTCTTTGATAAT 
AAATTTTTTAAATAA 
AANTTGTCTAATAAA 
AATCTGTATTATAAT 
-6 
-40 
-61 
-20 (18), +3 (54) 
-41 
-44 
-10 
-41 (flaA1), -169 (flaA2) 
-64 (flaA1), -192 (flaA2) 
-17 
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Table 5.5   Potential stem-loop structures in P. ruminis and closely related species 
promoter regions. No stem-loops were observed in promoter 18. Vertical lines denote 
sequences in which palindromes were overlapping and were treated as one. Grey: 
palindromic sequences; Red: mismatched sequences. 
 
Promoter  Palindrome No.  Position  Sequence 
10  1  -120 to -98  agaagactacaaagaagtctact 
  2  -63 to -39  gattttattaactttttgtaaaatc 
18   -  - 
38a  1  -97 to -75  aacacaagatgaaatcgagtgtt 
38b  1  -119 to -91  atgttgtattttatttatcaaaacaacat 
   -113  to-90 tattttatttatcaaaacaacata 
 2  13  to  35
*  aacacaagatgaaatcgagtgtt 
46  1  -174 to -142  ttgttagcactcatctcattggagtgctaatca 
flaA1  1  -92 to -60  cctatgtgttagaaaanttgtctaataaatagg 
  2  -72 to -44  tctaataaatagggtacaaattttttaaa 
flaA2  1  1 to 34  atagctagtggtggttggtcacaccacttgttat 
flaB  1  -133 to -94  agctcgcagaaacctagtaaaatcaaggcttctgcgagtt 
    -131 to -96  ctcgcagaaacctagtaaaatcaaggcttctgcgag 
       
rep  1  -87 to -58  acatttgttctaatttttaactacaaatgt 
    -72 to -48  tttaactacaaatgttctaattaaa 
  2  +62 to +90  cattttcataacggaggtatattaaattg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11   Distribution of potential stem loop structure in P. ruminis and closely 
related species gene promoters. Identities of promoters are shown, with the palindrome 
number in parenthesis, shown in Table 5.5. 
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To investigate whether the distribution of palindromes in promoters was significant, a 
comparison was made between palindrome distribution in native promoters and control 
sequences derived by randomizing the promoter sequence (Figure 5.12). Compared to 
the control, palindromes did not appear to be concentrated in any particular area of the 
promoter. Analysis using the Wilcoxon Matched-Pairs Signed-Ranks Test showed that 
the number of palindromes detected in native promoters was not significantly different 
from the number detected in randomized sequences (P >0.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12  Distribution of palindromic sequences in native and randomized promoters 
from P. ruminis and closely related species. Each point represents the central position of 
a palindromic sequence. Multi-leveled points represent a position at which more than 
one palindrome was centered. 
 
5.3.3.3 General Structural Characteristics of Gene Promoters  
A general structural analysis of P. ruminis and closely related species gene promoters, 
was performed on all promoter regions with transcription start sites identified in P. 
ruminis. 
0.7
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DNA Curvature and GC content 
Analysis of DNA curvature was performed using the Bend.it program (section 5.2.5). 
Student’s T-test was used to determine the significance of predicted curvature between 
promoter, randomized promoter and coding regions. The curvature of promoter regions 
between +1 and –200 was shown to be significantly greater than that of coding regions 
and of randomized promoter sequences (P < 0.005; Table 5.6). The curvature between 
randomized gene promoter sequences and the coding regions was not significantly 
different (P > 0.1). Similar results were obtained when a larger set of genomic DNA 
sequences was used as for analysis (section 5.2.5). Although the curvature of promoter 
regions was consistently higher than that of other regions of genomic DNA, the 
deviation of curvature within this data set was relatively high. 
 
Table 5.6 The curvature of P. ruminis coding and promoter regions. 
 
Region of DNA  Curvature (°/10.5 bp helical turn)  Standard Deviation 
n = 14  b = 21814 bp total     
Coding Region  3.91  0.35 
    
n = 9    b = 200/sample     
Coding Regions  3.66  0.94 
Randomized Promoters  4.00  1.15 
Non-randomized Promoters  5.82  1.43 
 
n number of regions analyzed 
b total length of DNA tested 
 
Analysis of G/C content was performed to determine the distribution of A/T rich areas 
within promoter regions. Analysis of promoters between –200 and +100 showed a 
reduction in local G/C content approximately 50 – 70 bp upstream of the transcription 149 
 
start site (Figure 5.13). This did not consistently correlate with curvature at that 
position. 
 
5.3.4 Analysis of Putative Promoters 
5.3.4.1 Promoter Identification using RNAP sigma factor, DNA-binding 
consensus motif 
The program FindPatterns was used to search for potential promoter recognition regions 
upstream of 25 genes isolated from P. ruminis and closely related species in various 
studies (section 5.2.7). DNA regions upstream of start codons were searched using 
strong and weak consensus sequences derived from the alignment of known promoters 
(section 5.2.6). Consensus sequences differed in their detection stringency and in 
combination were termed the derived consensuses. Promoters from which the consensus 
sequences were derived were termed the control promoters. A cumulative approach was 
taken to reporting potential promoter recognition regions. Promoters detected using the 
strong consensus sequences were not reported again if detected using weak consensus 
sequences. Using the strong consensus, one control promoter was identified (Table 5.7). 
Reduction of the –10 element consensus size to a hexamer did not increase the detection 
sensitivity for control promoters. However promoter recognition regions were identified 
in promoter 6 and upstream of the cinB gene (Table 5.7).  
 
Using the weak motif, all control promoters were detected. In addition, recognition 
regions were identified upstream of the: akrI, cinA, cinB, cinR, marR, pre (pRJF1), pre 
(pRJF2), xynA and xynB genes, and the putative or known promoter regions: 6, 12, 27, 
29 (Table 5.7). Overall, the use of consensus motifs resulted in the identification of 
recognition regions in 9 of 25 regions upstream of previously studied genes that were 
thought to be transcribed from their own gene promoter.  150 
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Figure 5.13  Local DNA curvature and G/C content of promoter regions, analyzed between –200 and +100 using the Bend.it program. Some specific 
features of datasets include: flaB dataset contained only 152 bp upstream sequence, 46 dataset contained only 26 bp of downstream sequence, flaA1 
promoter regions was voided of all unidentified nucleotides. Arrows indicate the positions of transcription start sites. Circles indicate A/T rich regions 
within 100 bp upstream of the transcription start site.  
 
pOM1 rep 
TSS 153 
 
Table 5.7  The program FindPatterns was used, as described in section 5.2.7, to identify 
potential gene promoters, performed using variations of consensus sequences defined in 
Figure 5.8. Red: -35 and –10 elements. 
 
Motif Promoters 
Identified 
Sequence of Potential Promoter Region 
-35 element  Interspacer (bp)  -10 element     
        
Strong 
TTDWMA  16 – 18  AYAATAWW  38a  ttgacaaagcaagctgctcatgataatata 
TTDWMA  16 – 19  YAATAW  6  ttaacagggtatgtagaaaacataatat 
     cinB
□  ttgacaagtcaatgtggatgacttaatat 
Weak 
WWDWHW  16 – 18  AYWWWAWW    all source promoter regions 
     6  aagaattaacagggtatgtagaaaacataata 
       aattaacagggtatgtagaaaacataatatt 
     12  atgtcacaaagtgacatgaaaatataaaatt 
       aaaatataaaattacgacatcaacataaaa 
       aaatataaaattacgacatcaacataaaata 
       aatataaaattacgacatcaacataaaata 
     akrI  ttttcaacgtttatattctattacatttaaaa 
       ttgtatttcaccttcaaaatacatataatt 
     cinA  atgtattttgaaggtgaaatacaattttaaa 
       tagaatataaacgttgaaaaatattttatt 
     cinB  attattgacaagtcaatgtggatgacttaata 
     cinR
□  ttgacttgtcaataattcaataataatata 
       ttgtcaataattcaataataatatataaat 
     marR  attaaactttatcatcatccttttatttaaaa 
       taaactttatcatcatccttttatttaaaa 
     pre 
(pRJF1)
□* 
ttgttaaacgcctaattttggcatattata 
       taattttggcatattataatatataaaaat  
     pre 
(pRJF2)
□* 
ttgttaaacgcctaattttggcatattata 
       taattttggcatattataatatacaaaata 
       aagattcgaacttcactaggcaacaaaata 
     xynA (1)  ttgttagaatataattgcacgaacaatata 
               (2)  tagaatataattgcacgaacaatataataat 
        
        
        
    154 
 
Motif Promoters 
Identified 
Sequence of Potential Promoter Region 
-35 element  Interspacer (bp)  -10 element    
     xynB  atatcatatggtaacataaggcaatttaaat 
       aatttaaatgcctacatctaacgataaaaaa 
       atttaaatgcctacatctaacgataaaaaa 
     27  taaaataaaagcgattgtagctactataat 
       tataaaagaaagaaatcaaagaaaatattaaa 
       ataaaagaaagaaatcaaagaaaatattaaa 
     29  atattaaaaaggctaaagaaatattaaaat 
 
□ Promoter elements were similar to those suggested in the literature. 
* Plasmids pRJF1 and pRJF2 are unique but contain homologous regions, hence identical pPRRs were 
detected (Kobayashi et al., 1995).  
 
5.4 Discussion 
5.4.1  Fluorescent-Primer Extension Method 
Fluorescently labeled primer extension techniques have been developed and used for 
some time (Altermann et al., 1999; Patek et al., 2003a). However the co-migration of 
sequencing products with primer extension products is believed to be novel. A number 
of tests were performed to define the relationship between the electrophoretic mobility 
of DNA molecules labeled with HEX and those labeled with either Big Dye or 
rhodamine dye terminators (section 5.3.1.1). The migration of dye terminator and HEX 
labeled DNA molecules in polyacrylamide gels differed in a non-linear way, possibly 
because of molecular weight, charge and structure of the fluorescent label moieties. 
Analysis using the blaA promoter showed that correction formulas could be applied to 
identify the transcription start site within 1 bp of their documented position (section 
5.3.1.2).  
 
During the analysis of HEX labeled size standards, the fragment amplified using 
primers TSS1H and TSSstd300R (section 5.3.1.1) produced two peaks (Figure 5.2; 155 
 
Figure 5.3). Experiments using other primers in combination with TSS1H did not result 
in the production of double peaks. This suggested that the TSStsd300R primer stock 
may have contained two oligonucleotides with 1 bp difference, resulting in the 
amplification of two HEX labeled products that differed in size by one base pair. The 
position of the 300 bp HEX labeled DNA molecule most likely to be correct, was that 
which occupied a position between the HEX labeled DNA molecules of either 200 or 
391 bp in length (annotated in Figure 5.2). The artefactual peak was one base smaller 
than anticipated.  
 
Using this technique, the transcription start site of promoter 6 could not be detected 
despite repetition of the analysis. It is possible that insufficient transcript was produced 
from this promoter to allow extension product to be visualized.  
 
In summary, the main advantages of this primer extension technique are: 
•  A dedicated polyacrylamide gel is not required for analysis. 
•  Once optimized, only two gel lanes or capillaries are required for analysis. Other 
methods of analysis that use slab gels require five lanes: four sequencing lanes and 
one lane for PE products. 
•  The use of potentially hazardous radioactive labeling is avoided.  
•  Fluorescently labeled probes are relatively stable and can be stored for long periods 
of time. 
•  Transcription start sites can be detected within a range of 400 bp. 
•  Primer extension results can be obtained relatively quickly (1 day). 
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The disadvantages include: 
•  Where different sequencing instruments are used it may be necessary to construct a 
system-specific standard curve for the correction formula.  
•  Commercial reagents and electrophoresis conditions must be standardized. 
•  The technique may not be as sensitive as radiolabel-based methods. 
 
The peak corresponding to HEX labeled primer extension product is shown as an 
adenosine in the system used here. Alternative dye systems may represent it as another 
nucleotide. In either case, where the primer extension product coincides with a peak of 
the same colour, samples may require dilution in order to identify the transcription start 
site by changes in peak amplitude. 
 
5.4.2 Characteristics of P. ruminis and Closely Related 
Species Gene Promoters 
5.4.2.1 Promoters 18 and 54 
The DNA sequences from promoters 18 and 54 differed by just a single base (section 
5.3.3.2). In promoter 18, the composition of –10 and –35 elements, and distance 
between the –10 element and transcription start site, was similar to those of other 
promoters isolated in this study (Figure 5.8), whereas the elements identified in 
promoter 54 were significantly different from other promoters isolated in this study 
(Figure 5.8). It was concluded that promoter 18 was most probably the native form, and 
promoter 54 was a mutated version. Consequently, promoter 54 was not used in the 
derivation of –10 and –35 element consensus sequences. 
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5.4.2.2 Initial Transcribed Sequence  
In E. coli promoters A/T tracts interspaced by 17 bp have been observed in the initial 
transcribed sequence (Ozoline et al., 1999). Periodic A/T tracts were not observed in 
such locations in P. ruminis and closely related species promoters when aligned at 
either the transcription start site or at the –10 element (Figure 5.9). In E. coli, 
conservation of these tracts is relatively weak, and their identification was performed 
using a large data set (415 promoters; Ozoline et al., 1999) which allowed the 
observation of general trends in A/T distribution. It is possible that more P. ruminis 
promoter sequences need to be compiled before general trends in A/T richness become 
apparent. 
 
5.4.2.3 -10 Element 
P. ruminis –10 elements were expanded from the conventional hexamer to an octamer 
(AYAATAWW) with an additional A upstream, and W downstream, of the hexamer. 
This can also be represented as AtAATAta (strongly conserved nucleotides are 
capitalized). Extension of –10 elements beyond a hexamer is not uncommon in 
eubacteria, although their composition may differ from those identified in this study 
(Barnell et al., 1992; Malakooti et al., 1995; Bayley et al., 2000; Patek et al., 2003b).  
 
Interestingly, the rep and flaA2 promoters, isolated in previous studies (Hefford et al., 
1997; Beard et al., 2000), were different from those isolated here. In particular, the –10 
element did not show the same level of conservation. However, they were most likely 
regulated by a factor of the σ
70 family, and were included in the derivation of consensus 
sequences (Figure 5.8). To date, there is no comprehensive list of σ
70 family DNA-
binding motifs for the closely related genus, Clostridium. From this genus, temperature 
or radiation inducible promoters (Katayama et al., 1999; Nuyts et al., 2001) and those 158 
 
regulating toxin production (Dupuy and Sonenshein, 1998; Mani and Dupuy, 2001; 
Mani et al., 2002; Karlsson et al., 2003) and sporulation-dependent genes (Zhao and 
Melville, 1998) have been studied. A brief examination of 8 promoter regions, 
containing σ
70-like binding motifs, revealed that 4 contained an A upstream, and 5 a W 
downstream, of the –10 element (Attwood et al., 1994; Hammond et al., 1997; Treuner-
Lange et al., 1997; Santangelo et al., 1998; Katayama et al., 1999; Song et al., 1999; 
Cheung and Rood, 2000; Johanesen et al., 2001). The conservation of the expanded –10 
element appeared less than in P. ruminis, although more extensive comparisons may 
alter this. In the less closely related bacterium, Bacillus subtilis, the -10 element 
extended downstream to include an additional A, similarly to P. ruminis and closely 
related species(Helmann, 1995).  
 
5.4.2.4  EX –10 Element 
Promoters 38a, 38b and 46 contained an extended –10 element (EX –10), with a TGN 
motif upstream of the standard hexamer (Figure 5.8). This motif is present in 
approximately 20% of E. coli promoters (Burr et al., 2000; Sanderson et al., 2003) and 
is generally associated with lack of an identifiable –35 element in that organism (Keilty 
and Rosenberg, 1987; Chan and Busby, 1989; Belyaeva et al., 1993). In B.subtilis the 
EX –10 motif, previously termed the –16 element in Gram positive bacteria, has been 
expanded to include TRTGN (Helmann, 1995; Voskuil and Chambliss, 2002). It has 
been suggested that 60% of genes in the Gram positive bacteria, including 
Streptococcus pneumoniae, Clostridium pasteurianum and B.subtilis, are regulated by 
promoters containing the TGN motif (Agarwal and Tyagi, 2003). However, unlike E. 
coli, in some bacteria it appears that the presence of the TG dinucleotide directly 
upstream of the –10 element is associated with highly conserved –10 and –35 elements 
(Sabelnikov et al., 1995; Voskuil and Chambliss, 1998). Overall, in P. ruminis it 159 
 
appeared that EX –10 elements were not extended as much or frequently as in B. 
subtilis. However, unlike E. coli, they were associated with highly conserved –10 and –
35 elements (Figure 5.8).  
 
The frequency of the EX -10 element in B. fibrisolvens cannot be inferred from that in 
P. ruminis as it can vary, even between species of the same genus. For example, it has 
been shown that TG motif was present in 54% of promoters in some species of 
Lactobacillus, but not significantly represented in others (McCracken et al., 2000). 
 
5.4.2.5  Interspacer 
The interspacer between –10 and –35 elements varied between 16 – 18 bp. This was a 
narrow range, when interspacer regions within prokaryotes usually vary from 15 – 20 
bp (Lisser and Margalit, 1993; Bourn and Babb, 1995; Helmann, 1995; Maseda and 
Hoshino, 1995; Patek et al., 1996; Bannantine et al., 1997; Wosten et al., 1998; 
McCracken et al., 2000; Weiner et al., 2000) and interspacers as small as 10, and as 
large as 26, have been reported (Bayley et al., 2000; Jackson et al., 2000). 
 
5.4.2.6 -35 Element 
In all promoters studied here, apart from the rep promoter, at least 4 positions within the 
–35 element (WTDWHA) matched the E. coli consensus. The –35 element is more 
accurately presented as TtgacA (strongly conserved nucleotides are capitalized) and is 
perhaps better represented in a matrix form. A visual representation of a promoter 
matrix is presented in Figure 5.10. Overall, the –35 element was less well conserved 
than that of the –10 element.  
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5.4.2.7  UP Element 
The UP element is thought to bind the α-CTD subunit of RNA polymerase (Meng et al., 
2001). A consensus sequence for the UP element in E. coli has been defined as 
NNAAAWWTWTTTTNNAAAANNN, and is located between approximately −40 and 
−60 (Estrem et al., 1998). No sequences were found to match this consensus, upstream 
of P. ruminis and closely related species promoters. However, a broader definition of 
the element in E. coli is two A-tracts intervened by a T-tract (Estrem et al., 1998). This 
distribution of nucleotides did exist in P. ruminis and closely related species promoters 
(Figure 5.10), and assuming the 3
rd position of the –35 element was –35, the element 
extended from –42 to –57. In this study the UP element was not defined relative to the 
transcription start site as the –10 and –35 elements were shown to vary in distance from 
the start site. The UP element was best conserved in promoters 10, 38a, 38b, and flaA1, 
and was identified as motif C using computational searches (section 5.4.3). Surrounding 
and including the UP element, was a marked reduction in GC content, which may 
influence DNA curvature (Figure 5.13; section 5.3.3.3). 
 
5.4.2.8 DNA Curvature 
In the past it has been shown that DNA curvature can result from GC elements as well 
as A/T tracts (Crothers et al., 1990; Brukner et al., 1994). The program “Bend.it”, and 
the consensus scale described in section 5.2.5, was claimed to predict curvature 
resulting from both A/T or G/C rich regions (Gabrielian and Pongor, 1996b). However, 
it must be noted that presently available trinucleotide parameters used by the Bend.it 
program fail to predict curvature in some of the well-characterized curved sequences 
(Kanhere and Bansal, 2003). Regions upstream of the –35 element in P. ruminis were 
generally A/T rich, and such tracts are associated with the presence of a UP element, the 
presence of this element does not necessarily equate to curvature of the promoter (Gaal 161 
 
et al., 1994). DNA curvature is thought to be mediated not only by sequence identity, 
but also order of A/T tracts (Gabrielian et al., 1999). The observation that P. ruminis 
gene promoter regions were significantly more curved than protein coding regions 
(section 5.3.3.3) and that the curvature of coding and randomized promoter regions 
were not significantly different, indicated that curvature observed in promoter regions 
was unlikely to be a chance occurrence. Similar results were obtained from a 
comparable analysis of E. coli gene promoters (Gabrielian et al., 1999) in which 
intergenic regions were also analyzed (Gabrielian et al., 1999). However, intergenic 
regions, confirmed as non-promoter sequences, were not available from P. ruminis.  
 
No attempt was made to use DNA curvature as a predictive model for gene promoter 
identification. In studies of E. coli, defining promoters as regions with curvature 3 
standard deviations above that of background genomic DNA, identified only around 
19% of known promoters (Gabrielian et al., 1999). However, research is in progress to 
determine how DNA structural properties may aid in the identification of promoter 
regions, although not as a sole criterion (pers. comm. Ass. Prof. David Ussery, Center 
for Biological Sequence Analysis, The Technical University of Denmark). 
 
Overall, the –35 and –10 element composition and context of P. ruminis and closely 
related species promoters resembled the σ
70 family DNA-binding motifs, TTGAC and 
TATAAT respectively (Wosten, 1998). The isolation of promoters likely to bind the 
primary sigma factor of P. ruminis was not unexpected. It has been suggested that over 
80% of promoters are regulated by primary σ
70 factor in E. coli (Ishihama, 2000).  
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5.4.3  Search for Conserved Sequences 
5.4.3.1 Search for Common Motifs 
To identify novel conserved regions, P. ruminis and closely related species promoters 
were examined for the presence of common motifs (section 5.3.3.2; Table 5.4). 
Promoter 54, which differed from promoter 18 by one nucleotide, was not included in 
analysis because the inclusion of both promoters was likely to bias the detection of 
common motifs. The dual promoters upstream of the flaA gene and in promoter 38 were 
included in the analysis. Where the overlapping sequences of dual promoters could 
result in the over representation of motifs, sequence analyses were limited to between –
100 and +50, to reduce overlapping regions and increase the sensitivity of motif 
detection. 
 
Two motifs were identified using the program MEME, although neither was present in 
all of the promoter sequences (section 5.3.3.2; Table 5.4). Motif A, GGMTTYSC, 
appeared in 4 of the 9 promoter sequences analyzed, approximately 120 (±11) bp, 
upstream of a transcription start site. However, to establish the significance of this 
motif, experiments studying the effect of removing it may provide insight.  
 
Motif B, similar to CAAAGAAGTCT, was identified at multiple locations in promoter 
10, and is likely to play a specific role in the regulation of this promoter. Similar motifs 
were identified in promoters 38a, flaA and flaB, but differed in their position relative to 
the transcription start site. Due to this fact, it appears unlikely that motif B represents a 
conserved element in P. ruminis that relates directly to the basic mechanisms of 
transcription.  
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Motif C, similar to AATNWNTNTNAWAAW, was detected using the program 
AlignAce, at positions consistent with potential UP elements, in promoters 10, 38a, 38b 
and  flaA1 (Table 5.4; section 5.4.2.7). Although promoters flaA2,  rep, 10 and 18 
contained A/T-rich regions upstream of the –35 element, they were not identified as 
motifs using AlignAce (Figure 5.8; Figure 5.13). Without further investigation it is not 
possible to tell if UP element composition is restricted to that of motif C.  
 
5.4.3.2 Search for Common Structures 
Stem Loop Structures 
Only three stem loop structures were identified (section 5.3.3.2), downstream of the 
transcription start sites of promoters flaA2, 38 and rep, and upstream of their respective 
start codons. However, the rep stem loop structure is within the coding region, and is 
unlikely to play a role in transcription attenuation. Alternatively, the flaA2 and 38 
structures may play a role in anti-terminator or attenuation mechanisms in these 
promoters.  
 
Stem loops occurred between positions –133 and –38, with ~ 65% of potential hairpin 
structures present in a section of sequence that represents only 32% of the region 
analyzed. Such structures could represent transcription termination sites for upstream 
genes. Alternatively, they may provide binding sites for transcription regulatory 
proteins (see below). Analysis of 34 bacterial genomes revealed a concentration of 
hairpin structures immediately downstream of stop codons in most genomes, with a 
majority occurring within 50 bp of a stop codon (Unniraman et al., 2002). In this study, 
the 3’ ends of open reading frames were not detected near hairpin-loop structures. The 
significance of this apparent concentration of hairpin structures remains to be 164 
 
determined. Their role in transcription initiation may be elucidated by examining the 
effect on promoter activity, of their selective disruption.  
 
Overall, it appears that transcription attenuation is not a general characteristic of P. 
ruminis and closely related species promoters, although it may in individual promoters. 
 
Search for Palindromes 
The number of palindromic sequences identified in native and randomized promoter 
regions was not significantly different. In addition, there appeared to be no correlation 
between the central positions of palindromes in either native or randomized promoters 
(section 5.3.3.2). Overall this suggests that palindromic sequences do not play a general 
role in P. ruminis and closely related species promoters. However, promoters may 
contain palindromes that act as binding sites for regulatory proteins involved in 
transcription activation or repression. Such mechanisms have been shown in numerous 
studies (Yannone and Burgess, 1997; Sharma et al., 1998; Lee and Holmes, 2000).  
 
5.4.4  Application of Derived Consensus as a Searching Tool 
5.4.4.1 Consensus Derivation and Searching 
Consensus sequences can be represented as either a string of nucleotide identities, using 
IUB codes, or as a matrix. In this study a string-based tool was employed to search 
potential promoters for σ
70-like DNA-binding motifs (section 5.3.4.1). This approach 
had a number of advantages, and disadvantages, compared to matrix-based searches. 
Advantages using a string-based searching tool included: 
•  All elements in the promoter, including variable interspacer lengths, could be 
defined in one consensus.  165 
 
•  Software allowed batches of promoters to be searched for consensus sequences, 
unlike matrix-based searches.  
 
Disadvantages included: 
•  Occasionally the dominance of a nucleotide was not reflected in the string-based 
consensus used in this study, resulting in less specific identification of promoter 
sequences.  
•  Promoter elements deviating from the consensus by as little as one nucleotide could 
not be detected.  
 
However, overall a consensus motif was chosen for this study because the software 
available facilitated the stipulation of variable interspacer lengths and batch inputs. 
 
5.4.4.2 Search for Promoters 
Putative  P. ruminis promoter regions were searched for potential σ
70 family DNA-
binding motifs using the consensus sequences derived in this study (section 5.3.4.1). A 
search of regions upstream of 25 genes isolated from P. ruminis identified 9 potential 
promoter recognition regions, for 5 of which promoter recognition regions have been 
previously suggested (Mannarelli et al., 1990; Hefford et al., 1993; Kobayashi et al., 
1995; Dalrymple et al., 1996a). Of the promoter elements identified using the derived 
consensuses, those upstream of cinB, cinR, pre (pRJF1 and pRJF2), were similar to 
promoter recognition regions suggested in corresponding publications (Hefford et al., 
1993; Kobayashi et al., 1995; Dalrymple et al., 1996a). The xynA promoter element 
proposed by Mannarelli and associates (1990) was different from those identified in this 
study using derived consensus motifs. The presence of a cytosine at the 6
th base in the –166 
 
35 was not consistent with the derived consensus motifs, which possessed an A or T at 
this position. 
 
In studies of the xynA promoter region, changes made to the proposed –35 element and 
interspacer occur within two recognition regions identified in this study (Table 5.7 
promoters 1 & 2; Xue et al., 1997). Xue and associates (1997) observed changes in 
promoter activity, attributed to alteration of –35 element composition, which may 
instead have resulted from changes to interspacer composition of both promoters 1 and 
2 (Table 5.7). In addition, changes in promoter activity attributed to alteration of 
interspacer length may have actually resulted from changes to downstream 
discriminator sequence length or context, and composition of the –10 element in 
promoters 1 or 2 respectively. DNase footprinting experiments would identify the extent 
of the promoter region protected by RNA polymerase and confirm the position of the 
true –10 and –35 elements. 
 
Without identifying more transcription start sites in P. ruminis it is difficult to 
determine whether consensus sequences derived in this study are accurate. Generally, 
consensus sequences do not describe all possible promoters, and can be used only as a 
guide to identification of promoter sites. However, certain parameters appear important:  
•  -35 element (TTgacA),  
•  interspacer of 16 – 18 bp,  
•  -10 element (AtAATAta), and  
•  an A/T rich region upstream of the –35 element, possibly containing an UP-like 
element.  
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Currently it is not known what deviation from these elements could be tolerated before 
transcription initiation would be affected. The novel consensus sequences derived in 
this study have been useful for: 
•  The identification of potential RNA polymerase binding motifs upstream of several 
genes.  
•  The detection of possible mis-identification of promoter motifs in previous studies. 168 
 
Chapter 6 : Analysis of Gene Promoter Activity 
6.1 Introduction 
Analysis of transcriptionally significant promoter activity requires measurement of the 
full-length nascent transcript production rate. The ß-glucuronidase (GUS) assay and 
real-time reverse transcription quantitative PCR analysis of gusA transcript were used to 
assess promoter strength. Measuring translational product has commonly been used to 
compare promoter strengths in bacteria, including assays for: ß-glucuronidase 
(Bannantine et al., 1997), chloramphenicol acetyl transferase (CAT; Patek et al., 1996; 
Sohaskey et al., 1997; Bashyam and Tyagi, 1998; Bayley et al., 2000; Sukchawalit and 
Mongkolsuk, 2001), ß-galactosidase (Conway et al., 1987; Wosten et al., 1998; Paik 
and Lee, 2003; Schofield et al., 2003), and luciferase expression (Haapalainen et al., 
1996; Doree and Mulks, 2001). The ß-glucuronidase assay was chosen for use in this 
study for a number of reasons: 
•  P. ruminis exhibited little inducible ß-glucuronidase activity, providing a low-
background assay environment. 
•  The  gusA gene was expressed and functional in the closely related anaerobic 
bacterium Clostridium perfringens (Melville et al. 1994).  
•  The assay could be performed in a high throughput manner (Reeve et al. 1998). 
 
Measuring transcript levels is traditionally performed using mRNA blots and 
hybridisation of gene-specific probes (Bannantine et al., 1997; McCracken and Timms, 
1999; McCracken et al., 2000) or Reverse Transcriptase-PCR analysis (RT-PCR; Shen 
et al., 2000; Jakava-Viljanen et al., 2002; Niehus et al., 2002; Rosado and Gage, 2003). 169 
 
Quantitative real time RT-PCR is currently one of the most sensitive methods of 
measuring transcript levels (Bustin, 2000) and increasingly is being used to examine 
gene expression levels (Manganelli et al., 1999; Hobson et al., 2002; Hancock et al., 
2003). Reverse Transcriptase-quantitative PCR (RT-qPCR) was chosen as a measure of 
promoter activity for a number of reasons: 
•  Transcript levels alone are measured, rather than a combined result of the 
transcriptional and translational processes. 
•  Real-time PCR is considered the most sensitive technique for measuring mRNA 
(Bustin, 2000).  
 
The main disadvantage of RT-qPCR is that transcript levels measured at an individual 
time point are unlikely to represent transient and dynamic promoter activities. 
 
Relating promoter strength to structure is often complex. The strength of a gene 
promoter depends predominantly on the sequence and context of well-defined elements, 
but often involves additional intrinsic and extrinsic factors. Intrinsic factors are: 
elements of DNA or RNA that interact directly with RNA polymerase (RNAP) 
affecting its recruitment and the productive initiation of transcription. Extrinsic factors 
are small molecules, proteins or other RNA’s, that enhance or inhibit any of the stages 
of transcription (section 1.2.2). 
 
The aims of this section of study were: 
•  to confirm that levels of gusA translational product were directly related to 
transcriptional efficiency, 
•  to relate experimentally determined promoter activity to promoter structure. 
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Although not the primary purpose of this study, some examination will also be made on 
the mechanisms likely to be regulating individual gene promoters. 
 
6.2 Methods 
6.2.1  Quantitative PCR (qPCR)  
The Finnzymes DyNAmo SYBR GREEN qPCR Kit and the PE Applied Biosystems 
International Prism-7700 Sequence Detection System 1.7 were used to quantitate both 
plasmid copy number and plasmid-derived transcript numbers. SYBR green binds 
selectively to double stranded DNA, and in this form produces enhanced fluorescence. 
This signal can be used to determine the minimum number of PCR cycles necessary to 
detect an amplicon (Ct value), which is proportional to the amount of starting template. 
A standard curve can be used to calculate starting template copy number. The 
composition of a typical qPCR reaction is shown in Table 6.0. 
 
Table 6.0  Composition of a typical qPCR reaction. 
 
Components  Volume (µl)  Final Concentration 
Master Mix (supplied)  10  1x 
Primer Mix  5  0.3 µM of each 
Template 2  <10  ng/µL 
Water 3  - 
TOTAL 20   
 
As suggested in the DyNAmo SYBR Green qPCR Kit Instruction manual (Table 6.1), 
acquisition of data at 80°C ensured that no primer dimers were present, and the 
fluorescent signal resulted from double stranded DNA molecules binding SYBR green.  171 
 
Table 6.1  Thermocycle conditions and data acquisition points used in qPCR. 
 
Designation  Cycles Temperature (°C)  Time (min:sec) 
Hold   95  10:00 
Cycle 40  95  0:15 
   60  0:20 
   72  0:08 
     80
*  0:05 
Hold     72
*  5:00 
   25  1:00 
 
*Set as data acquisition points 
 
To avoid the production of non-specific qPCR products, primers were designed to the 
specifications described previously (Bustin, 2000), using the online primer design 
program Primer3
10 (Krawetz and Misener, 2000). Melting temperatures were checked 
using an online Tm calculator, based on a method described by Breslauer and associates 
(1986)
11. Primers SYBRGUSF and SYBRGUSR were designed to amplify part of the 
gusA gene, to measure plasmid and transcript copy numbers (Figure 6.0). Results were 
analyzed using the Sequence Detector V1.7 (Applied Biosystems) software. For all 
samples baseline start and stop values were 3 and 6 respectively. The threshold value 
was defined as 0.023. To reduce intra-run variability, the same batches of reagents and 
laboratory hardware were used for all assays. 
 
                                                 
10 http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi 
11 http://alces.med.umn.edu/rawtm.html 172 
 
 
 
 
 
 
 
Figure 6.0  Position of RT-qPCR amplicon relative to gusA translational start site and 
promoter insert region. Only the 3’ part of the promoter insert is shown. 
 
6.2.1.1 RT-qPCR to Determine Promoter Activity 
A two-step reverse transcription quantitative PCR method (RT-qPCR) was used to 
measure  gusA transcript levels in P. ruminis, i.e. reverse transcript production and 
amplification were performed in separate reactions. Preparation of RT-qPCRs involved:  
1.  Extraction of total RNA from P. ruminis cultures at the mid-exponential growth 
stage after 6 hours of growth at 39°C.  
2.  Quality and quantity of RNA were tested by gel electrophoresis and 
spectrophotometry respectively. 
3.  RNA was diluted to 1 µg/µL and treated with DNase. A typical DNase reaction 
contained: 2 µg of total RNA, DNase reaction buffer, 4 U of DNase and 10 U RNasin 
(ribonuclease inhibitor) in a 15 µL reaction volume.  
4.  The reaction was incubated for 30 min at 37°C, followed by addition of 1.5 µL of 
DNase stop solution and further incubation, at 65°C for 15 min to inactivate DNase.  
5.  An aliquot of this reaction was added directly to the reverse transcription reaction 
mix. Each 25-µl reverse transcription reaction contained: 0.53 µg of total RNA, 0.2 
µM primer, Stratascript reaction buffer, 0.2 mM of each dNTP, 10 U RNasin and 50 
U of Stratascript reverse transcriptase. Reactions were incubated for 1 h at 42°C.  
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6.  The equivalent of approximately 40 ng of RNA was added to triplicate qPCR 
reactions, resulting in a final concentration of 1.5 ng/µL.  
 
Negative controls included RNA, but no reverse transcriptase. Positive controls were 
included to ensure that the dilution of RNA preparations did not result in variation in 
amplification efficiency, due to varying amounts of possible residual inhibitors within 
RNA preparations. Positive controls were reverse transcription reactions in which 
reverse transcriptase was omitted and, in addition to RNA, were spiked with a known 
amount of plasmid pBGT(10), containing the template gusA gene. 
 
6.2.1.2 qPCR to Determine Plasmid Copy Number 
To determined relative plasmid copy number, plasmid concentration was determined in 
the same cultures as those used to harvest RNA for RT-qPCR studies (section 6.2.1.1). 
Plasmid extraction was performed as follows: 
1.  Cultures were centrifuged at 20 000 × g for 5 min. 
2.  The supernatant was discarded and the pellet resuspended in 300 µL of saline 
(0.89% w/v NaCl).  
3.  Optical densities of cell suspensions were standardized to an OD of 4.0. 
4.  Thirty µL of the suspension was snap frozen in liquid nitrogen for protein assays. 
Another 400 µL was centrifuged at 20 000 × g for 3 min, and the pellet was snap 
frozen, for use in plasmid minipreps. 
 
DNA minipreps were performed using a commercial kit (section 2.5.3.1), scaled down 
to accommodate the low number of cells used. The final volume of the DNA solution 
was 100 µL, of which 2 µL was used in triplicate qPCR reactions. 
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6.2.2 Glucuronidase Assay (GUS Assay) 
ß-glucuronidase levels were measured by the production of 4-nitrophenol from p-
nitrophenyl ß-D-glucuronide (p-nitrophenyl ß-D-galactopyranoside). The amount of 4-
nitrophenol produced was directly proportional to the amount of ß-glucuronidase in the 
reaction (Gallagher, 1992). Measurement of 4-nitrophenol concentrations used a Bio-
Rad Model 3550-UV Microplate reader. The path length / extinction co-efficient 
constant were used to calculate the concentration of 4-nitrophenol from absorbance at 
405 nm. A standard curve for the GUS assay was produced as follows: 
1.  Five concentrations of 4-nitrophenol (0, 100, 200, 400, 600 µM) were prepared in 
phosphate buffer (50 mM NaHPO4/NaH2PO4, pH 7.0; 5 mM DTT, 1 mM EDTA) to 
a total volume of 210 µL. 
2.  Samples were mixed for 10 s and allowed to incubate for 15 min at 37°C. 
3.  Samples were mixed for a further 10 s, and absorbance measured at 405 nm using 
Bio-Rad Microplate Manager (Version 4.0) software. 
 
For GUS assays P. ruminis cells grown in RF medium were harvested after 6 and 10 h 
growth at 39°C, corresponding to mid-exponential and early stationary growth phase 
respectively, and were prepared for GUS assays as follows: 
1.  Two mL of culture was harvested anaerobically using a syringe.  
2.  Cells were centrifuged for 4 min at 21 000 × g and the supernatants discarded. 
3.  Pellets were resuspended in 300 µL of saline.  
4.  30 µL of each cell suspension was added to 970 µL of saline and its optical density 
(OD) measured at 600 nm. 
5.  Optical densities were standardized to an OD600 of 2.0 using saline as dilutent. 
6.  Duplicate aliquots of 125 µL and 20 µL from each culture were snap frozen at 
−80°C for use in GUS and protein assays respectively. 175 
 
Generally, GUS assays were performed within 2 days of initial cell harvesting. The 
assay method used was a variant of the method described by Reeve and associates 
(1998). Briefly the assay was performed as follows: 
1.  Five hundred µL of phosphate buffer was added to 125 µL of harvested cells and 
mixed briefly by vortexing. 
2.  Fourteen µL of toluene was added, followed by vortexing for 10 s. 
3.  Toluene was allowed to evaporate at 37°C for 30 min, followed by chilling on ice 
for 10 min and a brief mixing. 
4.  Two hundred µL of each sample was loaded, in triplicate, into microtiter plate wells 
and 10 µL of 17.5 mg/mL p-Nitrophenyl ß-D-Glucuronide (pNPG) was added. 
5.  Plates were agitated for 5 s and absorbance measurements were taken at 405 nm 
every 2 min for 2.5 h, in a microtiter plate reader pre-warmed to 37°C.  
6.  Promoter activity was expressed as the maximum production rate of 4-
nitrophenol/min/mg of total protein used in the assay. 
 
6.2.3  Promoter Induction Experiments 
Plasmids pBGT (section 6.3.1) containing DNA fragments 12, 25, or X, were tested to 
determine whether these fragments contained inducible promoters. Triplicate cultures of 
P. ruminis, containing these plasmids were grown in RF medium, without glucose, but 
containing 0.5% (w/v) raffinose, cellobiose or birchwood xylan respectively (Table 6.2; 
section 4.4.3; Lin et al., 1990; Mannarelli et al., 1990; McLaughlin and Ferretti, 1996). 
To measure promoter activities GUS assays were performed as described in section 
6.2.2, except that cultures were harvested at mid-exponential phase after 7h growth at 
39°C.  
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Negative controls were cultures with pBGT, containing a promoterless gusA gene. 
Sensitivity of the assay was monitored using positive control cultures of P. ruminis 
harboring pBGT(18), which contained an active promoter to drive the gusA gene. 
Table 6.2  Conditions tested for induction of potential gene promoters in P. ruminis 
 
Promoter  Downstream Gene  Putative Protein  Inducing Substrate 
12  aga  ß-galactosidase  raffinose 
25  bglA  ß-glucosidase  cellobiose 
X  xynA xylanase birchwood  xylan 
 
6.2.4 Search for Regulatory Protein DNA-Binding Motifs  
6.2.4.1 Database Searches 
The sequences of putative or known promoter fragments were searched for transcription 
factor binding sites using the Tfsitescan online analysis form
12 and the object orientated 
transcription factor database, termed tfsites (Ghosh, 1998; Ghosh, 2000). Sites were 
detected by homology to previously determined DNA-binding consensus sequences.  
 
6.2.4.2 Algorithm Based Searches 
Searches for repetitive DNA motifs within individual promoter regions were performed 
using the program MEME (Ver. 3.0 Bailey et al. 1994) as described in section 2.5.21.1. 
Promoters 10, 18, and 54 were examined between regions –200 and +100, and promoter 
46 was examined from –200 to +26 as this was the extent of the cloned fragment. The 
program was also used to search the putative inducible promoter regions X, 12 and 25 
for repetitive elements. Repetitive elements ≥4 bp, with 50% conserved nucleotide 
identities, and interspaced by ≤15 bp or repeated more than twice, were considered as 
                                                 
12 http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl 177 
 
possible functional motifs. Palindromic motifs detected using MEME were selected 
using the same criteria. 
 
6.2.5 Search for Palindromes 
To identify potentially significant protein binding, transcription attenuation, and 
antitermination sites within individual promoter regions described in section 6.2.4.2 
were analyzed for palindromes, using the online EMBOSS Palindrome program
  as 
described previously (section 2.5.21.2). Potential protein binding sites were identified as 
palindromic sequences of at least 10 nt, with >80% complementarity.  
 
6.3 Results 
6.3.1 Plasmid Construction 
To measure promoter strength using the GUS assay, a vector was constructed with the 
promoterless  gusA gene located directly downstream of a promoter insertion site 
(Figure 6.1). Constructions were performed in a number of stages. 
 
Stage 1 
Vector pBK2 was digested with restriction endonucleases PstI and XbaI, the linearized 
plasmid purified from an agarose gel, and the termini dephosphorylated. The gusA gene 
was excised from vector pFUS1, kindly donated by Dr Wayne Reeve (Murdoch 
University), using the same enzymes, and was also gel purified. The gusA gene insert 
included upstream translational stops in three frames and a ribosome-binding site 
(Reeve et al., 1999). Purified vector and gusA gene were ligated together and 
transferred to E. coli by electroporation. This vector was termed pBG (Figure 6.1). 178 
 
Screening for recombinant plasmids was by PCR with primers TS2 + Wil3, binding 
upstream of the PstI site in pBG and within the gusA gene respectively.  
 
Stage 2 
The T4 transcriptional terminator/multiple cloning site (MCS) fragment was excised 
from vector pBK6, using endonucleases PstI and NdeI. Vector pBG was digested with 
the same enzymes. Both the linearized pBG plasmid and the T4 terminator/MCS region 
were gel purified, ligated together, and transferred to E. coli by electroporation. This 
vector was termed pBGT (Figure 6.1). Recombinants were screened using PCR and the 
primer combination TS2Seq + Wil3.  
 
Stage 3 
DNA sequences thought to contain inducible promoters, and those shown to be active in 
P. ruminis 0/10 using pBK6, were transferred to pBGT to measure transcription and 
translation levels. Promoter fragments were excised from pBK6 using endonucleases 
XhoI and NdeI. Vector pBGT was cut with the same enzymes. The pBGT plasmid 
backbone and promoter fragments were gel purified, ligated together, transferred to E. 
coli by electroporation, and recombinants identified by PCR. For promoters inserted 
into pBK6 as PCR products, the same primer sets used to amplify the promoters were 
used for screening (section 4.2.4). Where promoters were inserted into pBK6 as 
genomic DNA fragments, recombinants were screened using the primer combination 
TS1 + TS2 (binding upstream of the terminator and within the ermAM gene 
respectively. Recombinants yield PCR products larger than those obtained from pBK6 
without a promoter insert. 
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6.3.2 Promoter Activity: Measured Using Quantitative PCR 
(qPCR) 
6.3.2.1 Standard Curve 
qPCR (section 6.2.1) was used to construct a standard curve to:  
•  allow semi-quantitation of DNA template copy number, 
•  determine the accurate range of the assay method, 
•  provide a standard, to which inter-assay variability could be scaled. 
 
Different amounts of vector pBGT(10) were used to determine a correlation between Ct 
(product detection threshold) values and the number of copies of the gusA gene (i.e. 
copies of the plasmid; Figure 6.2). The relationship between copy number and Ct values 
was logarithmic and reproducible, with small standard errors.  180 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1  Diagrammatic representation of vector pBG2 construction. Tc
R: tetracycline 
resistance factor encoded within pFUS1. Plasmids are not to scale. 
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Figure 6.2  The use of SYBR green based qPCR to determine the relationship between 
Ct values and copy number of vector pBGT(10). The formulae describing the 
relationship is y = -1.6591Ln(x) + 39.817, with an R
2 value of 0.9984. Where y is Ct 
value and x is plasmid copy number. Error bars indicate the standard error of the mean 
(n = 2). 
 
6.3.2.2  Copy Number of pBGT Variants 
It was considered that different recombinant forms of vector pBGT, containing different 
promoter fragments, could replicate to different copy numbers within the host cell. 
Cultures prepared for RT-qPCR studies (section 6.2.1.1) were also used to determine 
plasmid copy number by qPCR, using Ct values and a formula derived from a standard 
curve (Figure 6.2): 
x = e
(y – 39.817) / -1.6591)
 
x = plasmid copy number 
y = Ct value 
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To take into account the slight variations in cell numbers used in DNA extractions, 
results were expressed as copies of plasmid per mg of protein. The initial standard curve 
(section 6.3.2.1) was constructed prior to plasmid copy number experiments, and 
experimental variation was monitored by including a sub-set of standards in each copy 
number experiment. Raw data varied between experiments by ≤7%. 
 
Using ANOVA analysis it was concluded that different promoter inserts in pBGT did 
not significantly alter plasmid copy number in P. ruminis 0/10 (P > 0.05).  
 
 
 
 
 
 
Figure 6.3  Copy numbers of plasmid pBGT variants in P. ruminis 0/10. Each variant 
contains a different gene promoter upstream of the gusA gene. “g” refers to a variant of 
pBGT containing no promoter directly upstream of the gusA gene. Error bars show the 
standard error of the mean (n = 2). 
 
6.3.2.3  Activity of Experimentally Identified Promoters 
A number of experimentally active gene promoters were inserted upstream of the gusA 
gene in vector pBGT (section 6.3.1), and promoter activities were determined using the 
reverse transcription quantitative PCR assay (RT-qPCR) to measure gusA transcript 183 
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levels (section 6.2.1.1). Transcript copy numbers were determined using a formulae 
deduced from a standard curve (Figure 6.4): 
x = e
(y - 40.967) / -1.659)
 
x = transcript copy number 
y = Ct value 
 
 
 
Figure 6.4  The use of SYBR green based qPCR to determine the relationship between 
Ct values and single stranded gusA gene copy number. The formula describing the 
above relationship is y = -1.6591Ln(x) + 40.967, with an R
2 value of 0.9984. Where y is 
Ct value and x is transcript copy number. Error bars indicate the standard error of the 
mean (n = 2). 
 
The Tukey-Kramer HSD comparison of means test was used to determine if promoter 
activities were significantly different (α  < 0.05). After 6 h growth, two groups of 
promoters with significantly different activities were obtained,  
•  Group A: promoter 10;  
•  Group B: promoters 6, 18, 46, 54 and g.  
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where “g” is vector pBGT containing a promoterless gusA gene (negative control). 
Promoter 10 gave the highest production of transcript, whilst transcript production from 
other promoters were not statistically significantly greater than the control (Table 6.3). 
Analysis of samples within group B using Student’s T-test showed that the activity of 
promoter 18 differed significantly from g (P < 0.05). Promoters 18 and 54 differed by 
one base, but the latter was significantly more active (Table 6.3). 
 
 
 
Figure 6.5  gusA transcript copy numbers in P. ruminis 0/10. Transcription initiated 
from different gene promoters in variants of vector pBGT. “g” refers to a variant of 
pBGT without a promoter directly upstream of the gusA gene. Raw data values were 
determined using qPCR and the inverse of the standard curve formula shown in Figure 
6.4. Relative percentages were calculated as a proportion of the data value, pBGT(10). 
(n = 2). 
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Table 6.3  Statistical comparison of mean promoter activities in P. ruminis after 6 h 
growth, measured using the RT-qPCR assays. Groups connected by the same letter are 
not significantly different (Tukey-Kramer Test). Promoters connected by a line had 
significantly different activities (Student’s T-test). 
 
Promoter  TK test   Student’s T-test  
10 A   
18 B   
46 B   
6 B   
54 B   
g B   
 
6.3.3  Promoter Activity: Measured Using the GUS Assay 
6.3.3.1 Standard Curve 
A linear relationship between absorbance (405 nm) and the concentration of 4-
nitrophenol was observed (Figure 6.6), indicating that the Beer-Lamberts law (below) 
could be applied: 
A= ε.b.c 
A = absorbance at 405(nm) 
b = path length of absorbance readings 
c = concentration of 4-nitrophenol 
ε = molar extinction co-efficient of 4-nitrophenol 
 
The b-ε constant was determined as 4679 using a volume of 210 µL and a Bio-Rad 
Model 3550-UV Microplate reader. This value was used in subsequent studies to 
determine the concentration of 4-nitrophenol resulting from ß-glucuronidase catalyzed 
cleavage of p-nitrophenyl ß-D-glucuronide (pNPG). 
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Figure 6.6  Relationship between absorbance (405nm) and concentration of 4-
nitrophenol. The formula describing the above correlation is y = 0.0047x – 0.00005, 
with an R
2 value of 0.9999. Error bars indicate the standard error of the mean (n = 4). 
 
6.3.3.2 Activity of Experimentally Identified Promoters 
The activity of promoters in vector pBGT (section 6.3.1) were measured in P. ruminis 
using the GUS assay (section 6.2.2), and an empirically determined path length / molar 
extinction co-efficient constant (section 6.3.3.1). Activities were examined after 6 h 
(T6) and 10 h (T10) growth at 39°C, corresponding to mid-exponential and early 
stationary stages of growth respectively (Figure 6.7).  
 
The Tukey-Kramer HSD comparison of means test showed that two groups of 
promoters had significantly different activities at mid-log phase (T6; α < 0.05),  
•  Group A: promoters 10, 18, 46;  
•  Group B: promoters 6, 54, g.  
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where g is vector pBGT containing a promoterless gusA gene. Greater promoter 
activities were observed in group A than B (Table 6.4). Promoters were grouped 
similarly at early stationary phase (T10), except that: promoters 10 and 18 differed 
significantly, whilst promoter 46 could have belonged to either group A or B (Table 
6.4).  
 
 
Figure 6.7 The activity of different promoters in P. ruminis 0/10 measured using the 
GUS assay. ”g” refers to the vector pBGT containing the promoterless gusA gene. Error 
bars indicate the standard error of the mean (n = 3). 
 
Statistical analysis of promoter activities within groups using the Student’s T-test 
produced different results from those of the Tukey-Kramer Test:  
•  activities of promoters 6 and 54, 6 and g, 54 and g differed significantly at T6 and 
T10 (P < 0.05). Using the Tukey Kramer test, activities of promoters 6 and 54, were 
not significantly above background levels at T6 or T10.  188 
 
•  a comparison of promoter activities at T6 and T10 showed that there was no 
significant change in promoter activity between the mid-exponential (T6) and early 
stationary growth stages (T10: P > 0.05). 
 
The single base-change between promoters 18 and 54 caused their activities to differ 
significantly at both time points (Table 6.4), although the activity of each did not differ 
significantly between T6 and T10 (Student’s T-test; P > 0.05). 
 
Table 6.4  Statistical comparison of mean promoter activities in P. ruminis, measured 
using GUS assays, after 6 h and 10 h growth. Levels grouped under the same letter were 
not significantly different (Tukey-Kramer Test). Letter groupings are only valid within 
each different column. Promoters connected by a line had significantly different 
activities (Student’s T-test). 
 
Promoter  TK test   Student’s T-test   TK test   Student’s T-test  
Growth Period 
6 h  10 h 
10  A  A  
18 A    B   
46 A   AB  
6 B    C   
54 B    C   
g B    C   
 
6.3.3.3 Activity of Putative Promoters 
A number of DNA regions that appeared likely to contain gene promoters were not 
functional under standard conditions (section 4.3.4). The xynA promoter supplied by Dr 
Yasuo Kobayashi (Hokkaido University) also lacked activity in that test system. Tests 
were therefore made on 3 of the 6 clones: pBGT(12), pBGT(25) and pBGT(X), to 
determine whether the regions concerned might contain promoters that require induction 
(section 6.2.3).  189 
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Both promoters 12 (ß-galactosidase) and X  (xynA; xylanase) were induced in the 
presence of raffinose and birchwood xylan respectively, when grown without glucose 
and cellobiose (Figure 6.8). Promoter 12 was at least 40 fold more active than promoter 
X. Promoter 25 (ß-glucosidase promoter) was not induced by the presence of cellobiose 
in RF medium. Control experiments showed that none of the test substrates induced ß-
glucuronidase activity in untransformed P. ruminis. 
 
 
 
 
Figure 6.8   Induced activity from putative gene promoters isolated from P. ruminis 
0/10, measured by the GUS assay. Bacteria harboring different plasmids were grown in 
Rumen Fluid medium containing different “inducer” substrates. pBGT(g) contains a 
promoterless gusA gene. Error bars indicate the standard error of the mean (n = 3). 
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6.3.4 Motifs Possibly Mediating Transcription Initiation 
6.3.4.1 Protein Binding Sites 
To identify potential regulatory protein DNA-binding motifs within promoter regions, 
the programs Tfsitescan and MEME were used (section 6.2.4). The binding motifs for 
the transcription factors ExsA, MalT, NarL/NarP appeared common in promoter regions 
and promoter X contained a potential CRP (cAMP receptor protein) binding motif 
(Table 6.5; Figure 6.9). 
 
Promoters 6, 10 and 25 contained repeated motifs, detected using MEME (section 
6.2.4.2; Table 6.5; Figure 6.9). Searches of the Prokaryotic Database Of Gene 
Regulation And Regulatory Networks (PRODORIC NET; Munch et al., 2003) for these 
motifs were unsuccessful, and the proteins potentially binding these motifs could not be 
identified.  
 
6.3.4.2 Palindromic Sequences 
Five promoters (6, 10, 18, 46, and 54) were searched for palindromic sequences and 
palindromes capable of forming stem loops were present in promoters 6, 10, and 46 
(Table 6.6; section 6.2.5). In promoters 10 and 46, potential stem loop structures that 
may form transcription termination signals were identified upstream of transcription 
start sites. A transcription start site was not identified in promoter 6, so the relative 
position of the possible terminator could not be defined. Additional palindromic 
sequences, which were unlikely to form secondary structures, were found in promoters 
10, 18, and 54 (Table 6.6). The palindromes identified were all 12 nt or less and showed 
no similarity in composition, between or within promoter regions. The position of 191 
 
palindromes relative to the transcription start site also differed among the group of 
promoters. 
 
Promoters 12, 25 and X were examined for inducibility in this study (section 6.3.3.3). 
Palindromic sequences capable of forming secondary structures were found in 
promoters 12 (1 site) and 25 (2 sites). Transcriptional start sites were not identified by 
primer extension on these promoters, requiring the positions of palindromes to be 
described relative to the translational start codon (Table 6.6).  
 
6.4 Discussion 
6.4.1 Construction of vector pBG 
To minimize read-through transcription of the gusA gene in vector pBG, a T4 
transcriptional/translational terminator sequence and an expanded multiple cloning site 
(MCS) were inserted directly upstream of the gusA gene. The expanded MCS was 
added to facilitate the transfer of gene promoters from the promoter rescue vector pBK6 
to pBG, at a site directly upstream of the gusA gene.  
 
The detection of a low level of read-through transcription, originating upstream of the 
T4 transcription/translation terminator in the vector pBG (section 6.3.2.3), was not 
surprising. Prentki and Krisch (1984) quantified the T4 termination signal read-through 
transcription as 4 – 6% of lacZ mRNA (Prentki and Krisch, 1984).  
 192 
 
Table 6.5   Analysis of potential transcription factor binding sites within promoters 
tested for activity using the GUS or RT-qPCR assay. Positions of motifs detected using 
MEME are shown in Figure 6.9. A single nucleotide difference between the pBK6(18) 
and (54) promoters fragments did not change the identification of binding motifs within 
the two promoters. 
 
Motif Identity  Motif Consensus  Reference  Promoter Identified in 
clone: 
      
Known Promoters 
      
Detected by Tfsitescan       
ExsA  TNAAAANA  (Hovey and Frank, 1995)  6, 10 
MalT  GGAKGA  (Raibaud et al., 1985)  10 
NarL/NarP  TACYNMT  (Householder et al., 1999)  10, 18, 46 
PhoP  TTHACA  (Eder et al., 1999)  6, 10, 18, 46 
      
Detected by MEME      
A1  -(TACATGGTGGT)   6 
A2   GACATGGTGGT   6 
A1  CAGCTAAGAAG   10 
A2  CTACAAAGAAG   10 
A3  CAGCAAAGAAG   10 
A4  CTACAAAGAAG   10 
A5  CTACTAAGAAA   10 
B1  GCTGAGGAT   10 
B2  GCTGAGGCT   10 
B3  GCTCGGGCT   10 
B4  GCTGAGGAT   10 
      
Putative Promoters 
      
Detected by Tfsitescan       
CRP-ara AAAGCGCTACA  unknown  X 
ExsA  as above  as above  12, X 
MalT  as above  as above  X 
PhoP  as above  as above  25, X 
      
Detected by MEME       
A1 
A2 
A3 
 GAAGGCT 
 GAAGCCT 
-(AGGCTTC) 
 25 
overlaps A  AGGCT 
-(AGCCT) 
AGGCT 
 25 
B1 
B2 
CATG 
CATG 
 25 
 
 193 
 
recD -A1 A2
ExsA'
PhoP
PhoP PhoP'
bglA
Start codon
B1B2
A1A2-A3
NarL/NarP'
ExsA' PhoP
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
54 
18 
46 
12 
25 
xynA (X) 
clpP
TSS
PhoP' PhoP'
-35
-10
ExsA B1 B2 B4 B3 MalT
ExsA
A1 A2 A4A5 A3
TSS
ExsA'
-35
-10
PhoP
TSS ExsA'
-35 -10
PhoP
TSS ExsA'
-35 -10
PhoP
PhoP
PhoP'
NarL/NarP NarL/NarP'
msmR
rafR
aga
-35 -10
-35
-10
Start Codon ExsA
ExsA'
xynA
MalT' PhoP
-35 -10
NarL/NarP'
ExsA
ExsA' CRP-ara
  6 194 
 
Figure 6.9  Analysis of potential transcription factor binding sites within promoter 
regions. Motifs annotated “ ’ ”; are on the antisense strand. Promoter elements 
suggested by Mannarelli and associates (1990) are shown within promoter X. Other 
promoter elements are shown as suggested in sections 5.3.3.2 (promoter 10, 18, 54, 46) 
and 5.3.4.1 (promoter 12). 
 
Table 6.6 Potentially significant palindromes in promoters of which the activities were 
examined. Grey; palindromic sequences, Red; mismatched sequences. 
 
Promoter  Position  Sequence 
 
Known Promoters (position of 3’ end relative to transcription start site) 
 
6
□  -51 to -20
○  aaggaccaccatgtaaagacatggtggttttt 
18  -198 to -166  gcgctattctttgtatacgtacatttcagtggcgacaaagaggagc 
  -123 to -104  ttttatttttaaaaatgaaa 
  -2 to +44  ccttatgaaatttgaacgtagcaatgactatcgcaacaagttcataag
54   similar to 18 
46  -174 to -142
○  ttgttagcactcatctcattggagtgctaatca 
10  -120 to -98
○  agaagactacaaagaagtctact 
  -63 to -39
○  gattttattaactttttgtaaaatc 
  +33 to +57  ttagtgtctatttaaaacacactaa 
  +57 to +94  aatttttgctacaggaggacaaaataatggcaacaatt 
 
Induced Promoters (position of 3’ end relative adenosine in putative start codon (ATG)) 
12 -205  gtaggatggttcgcatttataccagcctac 
 -43  tatgatgtcacaaagtgacatgaaa 
 -25  tgatgtcacaaagtgacatgaaaatataaaattacgacatca 
25 -118  agctatcatcgttactgtttgtgcgatgaaggct 
 -95  aagaagcctcttaaaggcttcat 
 -94  gatgaaggctaagaagcctcttaaaggcttcatc 
 -69  agaaaggaagcttggattgctttct 
 -66  atcagaaaggaagcttggattgctttcttat 
 -64  tcatcagaaaggaagcttggattgctttcttatta 
 -39  tagtggttgtagttgcaaacacta 
X   none 
 
○ Palindromic sequences could potentially form stable stem loops, identified previously in section 5.3.3.2. 
□
 A transcription start site was not determined in this promoter, and potentially significant palindromes are 
shown relative to adenosine in the putative start codon (ATG).195 
 
6.4.2 Plasmid Copy Number Experiments 
Differences in production of gusA transcripts could result from either increased 
initiation frequency or from increased plasmid copy number. It was also considered 
possible that the insertion of promoters into pBGT could alter plasmid copy number, by 
influencing the expression of plasmid genes responsible for antibiotic resistance and 
plasmid replication. Results confirmed that the copy number of pBGT variants did not 
differ significantly (section 6.3.2.2), supporting the interpretation that increased gusA 
transcript levels resulted from increased initiation frequency.  
 
6.4.3 Inducible Promoters 
The inactivity of promoters 12, 25 and X (xynA) under normal growth conditions 
suggested that they might be inducible promoters that function under conditions of 
primary catabolite starvation. When tested in conditions simulating catabolite 
starvation, promoters 12 and X showed a measurable increase in transcription. 
Comparison with similar gene control systems (section 4.4.3) indicated that some form 
of catabolite repression would probably control these promoters. Transcription factors 
that could account for the repression of these promoters under appropriate conditions 
are described in section 6.4.4.2. Further molecular analysis of these promoters to 
investigate the nature of controlling factors would be a productive extension of the 
current work. 
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6.4.4 Relationship Between Promoter Strength and 
Structure 
 
Promoters 10, 18, 46 and 54 were examined in an attempt to relate promoter strength to 
promoter structure. The lack of a confirmed transcription start site in promoter 6 
prevented, in some cases, intrinsic and extrinsic factors affecting initiation to be related 
to promoter elements (section 6.4.4.3). 
 
6.4.4.1 Intrinsic Factors 
General Observations 
There was no clear correlation between promoter strength and element composition and 
context. Comparisons of interspacer length, curvature, A/T content upstream of the –35 
element, length of the downstream discriminator sequence (DIS) or length of the initial 
transcribed sequence did not provide a reliable indication of promoter efficiency (Table 
6.7). It appears likely that promoter strength was mediated by a combination of 
sequence composition and context dependent factors that remain to be identified. 
 
Consequences of a Single Nucleotide change 
Promoters 18 and 54 differed by a single nucleotide, but displayed dramatically 
different promoter efficiencies. The transversion in the –35 element from a T (native 
form 18), to an A (altered form 54), resulted in transcription starting at a different site 
(Table 6.7). The relocation of RNA polymerase to another binding site suggested that 
interaction of RNAP at the new site within promoter 54 was stronger than at the site in 
promoter 18. This was despite the fact that the efficiency of transcription from promoter 
54 was lower than that of promoter 18. Interplay between RNAP recruitment and 
promoter escape may account for these observations (Vo et al., 2003). Strong 197 
 
recruitment of RNAP at the binding site on promoter 54 may reduce the ability of the 
enzyme to escape the promoter, resulting in a lower frequency of transcription.  
 
Potential Terminating Structures 
Potential stem loop structures were identified in promoters 10 and 46 (section 6.3.4.2). 
When present, hairpin-loop structures that act as transcription attenuators are usually 
located in the leader transcript (Henkin and Yanofsky, 2002; Stulke, 2002), (Gollnick 
and Babitzke, 2002). None of the promoters isolated in this study contained hairpin-
loop structures within the initial transcribed sequence (section 6.3.4.2) and it is unlikely 
that attenuation mechanisms play a role in transcription control from promoters 10, 
18/54 or 46. However, in vivo, they may prevent read-through transcription from an 
upstream promoter, constituting part of the overall gene control process.  
 
A transcription start site was not identified within promoter 6. However a potential 
transcription terminator was identified 20 bp upstream of the putative recD gene start 
codon. This structure may be involved in the regulation of recD gene expression. To 
date no study has examined the potential role of transcription attenuation in the 
regulation of this gene. Further study, involving the deletion of the attenuating structure 
may elucidate its role in recD regulation. 
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Table 6.7 Characteristics of various promoter elements thought to mediate promoter strength. DIS: downstream discriminator sequence; ITS: initial 
transcribed sequence. Curvature of the promoter 54 was not included as it was similar to that of the promoter 18. 
 
Prom  -35  Interspacer 
(bp) 
-10  AT content 50 bp 
upstream of –35 
DNA 
curvature 
DIS  ITS; TSS-gusA 
(+103 bp leader) 
mRNA Level 
(molecules / ng total RNA) 
GUS Actvity 
(nmoles 4-NP
▪ × 10
-4 / min / 
µg protein) 
Strong Consensus  TTDWMA  16-18  AYAATAWW            
g  -  -  -  - -  -  -  40996  0 
10  AAGACA  18  ATAATAAA  76 4  7  225  5525136  196 
18  TTGCAA  18  ACAATATA  68 4.8  5  230  888876  184 
46  TTGTTA  16  ATAATATA  86 6  7  129  454934  145 
54  ATGAGA  17  CTTATGAA  74 -  12  213  179898  4 
6  -  -  -  - 3.7
*  - -  964221  51 
 
* analysis performed on 214 bp upstream of putative recD start codon. 
▪ 4-NP: 4-nitrophenol 
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Promoters 12 and 25, on which induction experiments were performed, also contained 
palindromes capable of forming stem loop structures. Primer extension studies were not 
performed on these promoters, and positions of palindromes could only be described 
relative to the putative start codons of the ß-galactosidase and ß-glucuronidase genes 
respectively. The distance between start codon and transcriptional start site has not been 
extensively examined in bacteria. In Actinobacillus pleuropneumoniae the average 
distance between transcriptional and translation start sites (n = 12) was 81 bp, ranging 
from 30 – 129 bp in length (Doree and Mulks, 2001). In this study the distances 
between potential terminating structures and the putative translation start site was –43 
(promoter 12) and –64 or –66 (promoter 25). Therefore these terminator structures may 
play a role in transcription attenuation in these promoters.  
 
6.4.4.2 Extrinsic Factors 
Promoters examined in this study may have been under the control of specific 
regulatory factors, which may in part account for their activity. Factors likely to affect 
transcription, which could be deduced from DNA sequence information, were 
examined. These included gene specific activators and repressors (Rhodius and Busby, 
1998; Lloyd et al., 2001; Rojo, 2001) and factor dependent terminators (attenuators) and 
anti-terminators (Henkin, 1996; Henkin, 2000). DNA-binding motifs were searched for 
using: 
•  online databases of transcription factor DNA-binding motifs,  
•  algorithm based identification of repeated and palindromic motifs,  
•  motifs found in homologous promoters in other, more comprehensively studied 
organisms. 
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Database Searches 
Promoters were analyzed for regulatory protein DNA-binding sites (Figure 6.9). 
Potential binding sites were found for MalT, NarL, ExsA, and PhoP, in at least one of 
the promoter regions, although most were not thought to be functional. 
•  Transcription factor ExsA activates transcription when bound to motifs located at 
positions –51 to –52 (Hovey and Frank, 1995). In this study ExsA binding motifs 
were detected approximately 90 to 130 bp upstream of putative or known 
transcription start sites (promoters 18, 46, and X), within putative coding regions 
(promoters 12, 25, and X), within overlapping putative RNAP binding sites 
(promoters 10, 12), or downstream of the transcriptional start site (promoter 10; 
Figure 6.9). The motifs were in the wrong positions to be functional. 
•  The PhoP motif is usually present as two repeated motifs separated by 
approximately 5 bp to enable protein binding (Eder et al., 1999; Liu and Hulett, 
1998). In the promoters studied, the motif was not present in this configuration 
(Figure 6.9), and were considered unlikely to be functional. 
•  MalT binding sites are usually present as direct repeats, upstream of the –10 
element (Raibaud et al., 1985; Vidal-Ingigliardi et al., 1991). A MalT-like motif 
was present in promoters 10 and X. However, within promoter 10 a motif was 
present downstream of the transcriptional start site, and was therefore unlikely to be 
involved in transcription regulation. In promoter X a motif was present 
approximately 170 bp upstream of the putative start site. In this case it appeared 
unlikely that the motif would be involved in transcriptional regulation because the 
motif was not repeated, and was located approximately 140 bp upstream of the 
RNA polymerase binding site. 
 201 
 
Only the NarL/NarP motif was present in the correct context to be involved in 
transcriptional regulation, in some promoters examined. The NarL/NarP motif has been 
reported to occur between positions –100 and –200, as direct repeats, palindromes or 
single sites (Dong et al., 1992; Li and Stewart, 1992; Householder et al., 1999). The 
NarL/NarP motif was present in promoters X and 46 within this region (Figure 6.9). 
Further studies involving site directed mutagenesis of these binding motifs could be 
used to determine their influence on transcription initiation. The position of the 
NarL/NarP motif in promoter 25, relative to promoter elements or the transcription start 
site, could not be determined. The relevance of a potential cAMP receptor protein 
DNA-binding site identified within promoter X is presented below. 
 
Algorithm and Literature Based Searches 
Promoters 10, 12, 18, 25, 46, and 54 contained palindromic sequences (section 6.3.4.2). 
Numerous studies have shown that palindromes can act as binding sites for proteins 
involved in transcription activation or repression (Yannone and Burgess, 1997; Sharma 
et al., 1998; Lee and Holmes, 2000). However, none of the palindromic sequences 
present were identified as protein binding sites by the program Tfsitescan (section 
6.3.4.1). This is most likely due to the database accessed by Tfsitescan, tfsites, not 
containing all protein DNA-binding motifs. Therefore, without further experimental 
work it is not possible to deduce a role in transcription initiation of these promoters. 
 
A number of promoters examined were followed by coding sequences that were 
homologous to genes in other, better characterized, organisms. Data from these 
organisms were used to provide insight into possible regulatory features of these 
promoters.  
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Promoter 10  
The DNA fragment containing promoter 10 included a section of the clpP gene, 
encoding a subunit of an ATP-dependent protease (section 4.3.2). In B.subtilis this gene 
is negatively regulated by the global regulator, CtsR (Kruger et al., 2001). However, 
using the B.subtilis CtsR weight matrix found at PRODORIC.NET (Munch et al., 
2003), no binding motif could be identified within promoter 10. In addition, a second 
transcription start site and σ
B(32) DNA-binding motif seen in the B.subtilis clpP promoter 
was not present in promoter 10. Overall, it appears unlikely that this P. ruminis gene is 
regulated in a similar manner to the B.subtilis gene. However, it is likely that the 
repetitive binding motif (A: CWRCWAAGAAG), present between positions –93 and –
189, is involved in transcription regulation (section 6.3.4.1). A second motif (B: 
GCTSRGCMT) was present in duplicate between positions –138 and –164 and between 
+12 and +33. Further study is required to determine whether motif A acts as a binding 
site for an activator or repressor of transcription. In contrast, the protein-binding motif 
B, located downstream of RNAP binding sites, most likely binds a repressor that could 
block promoter clearance. Experiments to identify the proteins bound by motifs A and 
B will be required to elucidate the mechanism of action of promoter 10.  
 
Inducible Promoter 12 
Promoter 12 contained a coding sequence homologous to the aga gene of several 
bacterial species, which encodes an α-galactosidase. The gene structure surrounding the 
aga gene was similar to that of Gram positive bacteria Streptococcus pneumoniae and 
Streptococcus mutans and was likely transcribed divergently to the rafR or msmR genes 
(McLaughlin and Ferretti, 1996; Rosenow et al., 1999). Generally, in Gram positive 
bacteria, catabolite repression is controlled by the CcpA protein binding to the CRE 
motif (Hueck et al., 1994). Although this motif is present in S. pneumoniae, deletion of 203 
 
a gene encoding a homolog of the CRE regulatory protein CcpA did not affect aga 
expression, indicating that it may not be directly involved in regulation of aga gene 
expression (Rosenow et al., 1999). Promoter 12 did not contain a recognizable CRE 
motif, suggesting that a currently uncharacterized, possibly CRE-like, molecule may 
regulate transcription initiation from this promoter.  
 
Non-Inducible Promoter 25 
The DNA fragment containing promoter 25 contained sequence showing homology to 
the  bglA gene, encoding a ß-glucuronidase, identified in C. proteoclasticum H17c 
(section 4.3.2). Based on homology to a similar gene isolated from C. proteoclasticum 
Bu49, it was considered likely that the ß-glucuronidase could hydrolyse cellobiose to a 
limited extent and it’s expression may be induced by this substrate (Lin et al., 1990). 
Therefore it was thought that gene expression was under the control of catabolite 
repression and would be induced by the use of cellobiose as the sole carbon source in 
the growth medium. However, the cloned promoter was not induced under normal or 
putative inducing condition. Possible reasons that the cloned DNA sequence may not 
function as a promoter include: 
•  The DNA region isolated did not include the bglA promoter region. This was 
considered unlikely as the cloned DNA included sequence 213 bp upstream of the 
putative bglA start codon. 
•  The bglA gene promoter may be regulated by mechanisms other than catabolite 
repression by cellobiose. Motifs A (GAAGGST; Figure 6.9) and B (GATC) occur 
in triplicate and duplicate respectively within the putative promoter region. These 
motifs may be DNA-binding sites for proteins involved in regulating transcription 
initiation from this promoter by different catabolites.  
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A similar ß-glucuronidase gene has been cloned from Thermotoga neopolitana, but was 
termed  bglB (Zverlov et al., 1997). Its regulation at a molecular level was not 
investigated, but bglB expression was lowered when cellobiose was used as a growth 
substrate (Nguyen et al., 2001). The blgA-like gene isolated in this study may be 
similarly regulated. To understand the nature of the system regulating bglA gene 
expression, detailed experimentation will be required. 
 
Inducible xynA Promoter (promoter X) 
Promoter X was identified upstream of the xynA gene, which encodes a xylanase 
(Mannarelli et al., 1990). Under the control of the xynA gene promoter, ß-glucuronidase 
expression was induced by the replacement of glucose with cellobiose in rumen fluid 
medium. A potential cAMP receptor protein binding site was identified approximately 
100 bp upstream of the transcriptional start site (Figure 6.9). The interaction between 
receptor protein and the RNA Polymerase α-CTD subunit is thought to enhance 
transcription initiation in E. coli (Busby and Ebright, 1999). cAMP receptor protein 
only binds to DNA in the absence of glucose. It is likely that the glucose present in 
normal RF medium repressed transcription from promoter X.  
 
6.4.4.3 Comments On Other Isolated Promoters 
Promoter 6 was not examined in detail because a transcription start site could not be 
identified. It was initially thought that insufficient transcript was present to be detected 
using the fluorescent primer extension technique (section 5.4.1). However, at a similar 
growth stage the number of transcripts produced from this promoter and from promoter 
54, for which a transcription start site was identified, did not differ significantly (section 
6.3.2.3). Alternatively, secondary structure in the transcript of promoter 6 may have 205 
 
inhibited the reverse transcription process. Prediction of RNA secondary structure using 
the program RNADraw (Matzura and Wennborg, 1996) varied according to the length 
of molecule being analyzed (unpublished results) and, since the length of the transcript 
for promoter 6 was unknown, theoretical secondary structure of the molecule could not 
be accurately depicted. The reason for primer extension products being unobtainable 
from promoter 6 remain unknown. 
 
The activity of promoters 38A and 38B could not be examined because the fragment 
containing both promoters could not be cloned in pBG for transcriptional and 
translational analyses (section 6.3.1). Difficulty in sub-cloning rumen bacterial DNA is 
not uncommon, although the reasons remain unclear (Gregg, 1989; White et al., 1990; 
Gregg, 1991; Huang et al., 1989). 
 
6.4.5  Promoter Activity: Measured Using GUS and RT-qPCR 
Assays 
Results of GUS activity experiments (section 6.3.3.2) were interpreted on the 
assumption that there was only a very low-level ß-glucuronidase clearance. This was 
corroborated by the observation that promoters 6, 46 and 54 did not produce significant 
amounts of gusA transcript at the mid exponential growth phase but there was no 
significant reduction of ß-glucuronidase levels in the following 4 h.  
 
In general, the following observations about promoter activities could be made: 
•  Promoters were not active after the exponential growth phases, indicated by the 
absence of any significant increase in ß-glucuronidase accumulation between the 
exponential and early stationary growth phases (Table 6.8). 206 
 
•  Promoters 6, 46, and 54 did not produce levels of transcript above that of the 
background at the mid exponential growth phase, but there was a significant 
accumulation of ß-glucuronidase, indicating these promoters were active prior to 
this growth stage (Table 6.8).  
•  Measuring both transcriptional and translational products, activities of promoters 10 
and 18 were strongest at the mid-exponential growth phase (Table 6.8). 
•  Among these P. ruminis promoters, proportional activities were 10 > 18 > 46 > 6 > 
54. 
 
In general, promoter activities could not be related to the rate of transcription initiation 
because transcript production was examined at only one time point. The interpretation 
of results could be further complicated by a lag in ß-glucuronidase production from 
stable gusA transcript. Rosado and associates (2003) observed approximately 2 h lag 
between generation of gfp mRNA and protein in Sinorhizobium meliloti.  
 
6.4.6 Disparity Between GUS Assay and RT-qPCR Analyses 
Measuring ß-glucuronidase activity produced a different profile of promoter activities 
from that shown by transcript levels (Table 6.8; Table 6.9). Promoter activities obtained 
using the GUS assay differed from RT-qPCR in that:  
•  activities of promoters 18 and 46 were similar to that of promoter 10,  
•  activities of both promoters 6 and 54 were significantly different from each other, 
and the negative control.  
•  disparity was observed between the activity values of the same promoter when 
measured using RT-qPCR and GUS assays (Table 6.9).  
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This was not unexpected, since disparity between the relative abundance of mRNA and 
gene product, under the control of the same promoter, have previously been shown to 
occur. For example, differences have been shown in:  
•  Steady state lacZ, coding ß-galactosidase, mRNA levels and the enzyme’s activity 
in Mycobacterium paratuberculosis (Bannantine et al., 1997). 
•  mRNA abundance, measured using microarray analysis, and various enzyme 
activities in Corynebacterium glutamicum (Glanemann et al., 2003). 
•  gfp, coding green fluorescent protein, mRNA levels and protein fluorescence in 
Sinorhizobium meliloti (Rosado and Gage, 2003). 
•  flaA and flaB mRNA levels, and gfp, lux and cat translation products, under the 
control of the same flaA and flaB promtoers (Niehus et al., 2002). 
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Table 6.8  Comparison of GUS assay and RT-qPCR methods for measuring promoter strength in P. ruminis. Tukey-Kramer HSD comparison of 
means (α < 0.05) was used to group similarly active promoters by letters. Student’s T-test (P < 0.05) was performed on promoters within groups. 
Linked promoters are significantly different. Letters do not correspond to the same groups between promoter activities measured: at different times, or 
using different methods. 
 
 
  RT-qPCR  GUS Assay 
 Growth  Period 
  6 h  6 h  10 h 
Promoter  TK test   Student’s T-test   TK test   Student’s T-test   TK test   Student’s T-test  
10  A   A  A  
18  B   A  B  
46 B    A    AB   
6  B   B  C  
54  B   B  C  
g  B   B  C  
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Table 6.9  Comparison promoter strengths in P. ruminis at the mid-exponential growth 
stage, measured using GUS assay and RT-qPCR methods. 
 
Promoter  Ratio of Promoter Activities 
(units mRNA × 10
8: units GUS Activity)
■ 
10 2.82 
6 1.88 
18 0.48 
46 0.31 
54 4.97 
g - 
 
■ mRNA levels: gusA transcript copy number/ng total protein; GUS activity: nmoles 4-
nitrophenol/min/µg total protein. 
 
The disparity between the levels of transcript and translational product varies between 
studies. Bannantine and associates (1997) examined a number of promoters and, using 
slot-blot hybridization analysis, observed variation in ratios of steady state lacZ mRNA 
levels to ß-galactosidase activity, from 0.03 to 9.6: a 320-fold variation (Bannantine et 
al., 1997). In this study, at the mid-exponential growth phase, the ratio between gusA 
mRNA levels and ß-glucuronidase activities ranged between 0.31 × 10
8 and 4.97 × 10
8: 
a 16-fold variation (Table 6.9). Differences between the ratios of transcript to 
translational product in these studies were possibly due to differences in: the particular 
nature of promoters studied, the accuracy of techniques used to measure mRNA levels, 
and possibly the stability of the assayed gene products. The commonly observed 
disparity between the abundance of transcriptional and translational products may be the 
result of various factors, as described below. 
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6.4.6.1 Possible Causes of Disparity Between Assays 
Leader Transcript Size and Transcript Stability 
Studies in B.subtilis have shown that mRNA stability can be inversely related to the 
distance between the 5’-end of the transcript and the start codon (Sharp and Bechhofer, 
2003). Increasing the size of the ermC leader transcript decreased mRNA half-life and it 
was postulated that transcripts with longer leader sequences were protected less from 
endoribonucleases at the 5’ end, by ribosome-binding at the start codon (Sharp and 
Bechhofer, 2003). However, mRNA half-life did not continue to decrease if the leader 
was increased in length above approximately 60 bp (Sharp and Bechhofer, 2003). In this 
study pBG variants containing different promoters all shared a common 103 bp leader 
sequence upstream of the gusA gene. It is unlikely that the distance between 
transcription start-sites and the gusA start codon affected mRNA stability in this study.  
 
Protein Stability 
The stability of a reporter gene product greatly influences measurements of promoter 
activity. For example, if high ß-glucuronidase were observed in P. ruminis, they could 
be attributed to either a transiently activated strong promoter, or of a constitutively 
expressed weak promoter. Expression levels of chloramphenicol acetyl transferase 
(CAT), green fluorescent protein (GFP) and luciferase (lux) varied greatly from the 
same promoter in Helicobacter pylori (Niehus et al., 2002). Only the luciferase reporter 
system reflected transient and dynamic changes in specific mRNA levels (Niehus et al., 
2002). Another study has shown that expression of ß-glucuronidase (gusA), luciferase 
(luc), and aminopeptidase N (pepN) varied greatly from each other when expressed 
from the surface S-layer protein (slpA) promoter in three species of Lactobacillus 
(Kahala and Palva, 1999). Overall, the accuracy of reporter assays to represent transient 
mRNA expression levels depends on a combination of factors, including: 211 
 
•  the type of reporter protein, 
•  stability of the reporter protein, 
•  the organism in which the reporter protein is expressed. 
 
To assess the interplay between transcription and translation, studies of both must be 
performed in unison, allowing direct correlation between reporter protein accumulation 
and transient mRNA levels (Glanemann et al., 2003). In this study, ß-glucuronidase 
activity was determined at two time-points and gusA mRNA levels were determined at 
one time point. Additional data will be required for the relationship between 
transcription and translational processing in P. ruminis to be deduced.  
 
In this study it appeared that ß-glucuronidase accumulated within P. ruminis cells, and 
was cleared at a low rate (section 6.4.5). To determine whether ß-glucuronidase activity 
in  P. ruminis accurately represents gusA mRNA levels, future studies will need to 
assess the production and stability of ß-glucuronidase at different stages of bacterial 
population growth. 
 
Other Factors 
It has been shown that weak gene promotion, initiating upstream of a strong ribosome 
binding site (RBS), resulted in fluctuations in protein production that reached up to 
100% of the mean production levels (Kierzek et al., 2001). Although it is thought that 
ß-glucuronidase is accumulative in P. ruminis (section 6.4.5), the amount of protein 
produced from a weak promoter at one time point may be influenced by such 
fluctuations.  
 212 
 
6.4.7 Concluding Comments 
Due to the probably transient nature of mRNA expression and the unknown stability of 
ß-glucuronidase in P. ruminis, it was difficult to determine transcriptionally significant 
promoter activity using assays for either of these gene products alone. In future, 
accurate depiction of promoter activity may be achieved by examining promoter 
activities at various time points, allowing transient promoter activities to be observed 
during different growth stages.  
 
The relative “strengths” of promoters examined in this study could not be directly 
attributed to any particular intrinsic or extrinsic factor. Instead, it is very likely that an 
accumulation of factors contributed to promoter strength. The isolation of the RNA 
polymerase binding site into a standard context, including identical DNA sequences 
upstream of the –35 element and downstream of the transcription start site, may provide 
insight into the factors regulating promoter strength, such as: composition and context 
of promoter elements, regulatory protein binding sites and transcription termination 
structures. 213 
 
Chapter 7 General Conclusions and Remarks 
The work described in this thesis resulted in the identification of sequences controlling 
transcription of genes in P. ruminis, and the isolation and characterization of “strong” 
gene promoters in P. ruminis for the potential expression of commercially important 
genes in the rumen. 
  
 
7.1 General Characteristics of P. ruminis and Closely 
Related Species Gene Promoters 
In this study, 4 promoter regions were cloned. Three of these, and another isolated in a 
previous study (Schoep, 1999), were examined in detail. In these promoters 5 
transcription starts sites were identified, one tandem and 3 single promoters. This 
resulted in the identification of 5 motifs likely to bind the P. ruminis RNA polymerase 
(RNAP)/ housekeeping sigma factor subunit (σ
70-like) complex. A consensus DNA-
binding motif was derived from the alignment of 7 promoters, including those isolated 
in this and other studies. The active RNAP DNA-binding motifs, the –35 and –10 
elements, interspaced by 16 – 18 nt, were TTgacA and AtAATAta respectively, 
where bold upper-case, regular upper-case, and lower-case fonts represent conservation 
in 100, 80, 70 percent of promoters examined respectively. Boxed sequences 
correspond with the standard –10 and –35 element promoters. An A/T rich region, 
corresponding to the UP element, which may affect local DNA curvature, directly 
preceded these motifs in all of the promoters analyzed.  
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The –35 and –10 element consensus sequences were similar to those identified in 
Bacillus subtilis (Helmann, 1995) and Escherichia coli (Lisser and Margalit, 1993), 
with the exceptions that the –10 element: 
•  had the form TAATAT, rather than TATAAT. 
•  appeared conserved over 8 bases, with an additional base upstream and downstream 
of the standard hexamer (boxed). 
 
This was not unexpected, since binding motifs for the RNAP/housekeeping sigma factor 
complex are relatively similar amongst prokaryotes, although each species appears to 
have slight variations in the consensus sequence (Barnell et al., 1992; Malakooti et al., 1995; 
Maseda and Hoshino, 1995; Patek et al., 1996; Weiner et al., 2000; Doree and Mulks, 2001; Vogel et al., 
2003). Some species, such as Bacteroides fragilis  (Bayley et al., 2000),  Caulobacter 
crescentus (Malakooti et al., 1995) and Mycobacterium paratuberculosis (Bannantine et al., 
1997), have significantly different –35 and –10 consensus sequences than those defined 
in B. subtilis and E. coli.  
 
Three of the seven promoters examined in this study appeared to contain an extended –
10 element, with a TGN motif upstream of the standard hexamer. This motif is 
relatively common in Gram positive bacteria such as B. subtilis (Helmann, 1995; 
Voskuil and Chambliss, 2002), and less common in E. coli (Burr et al., 2000; Sanderson 
et al., 2003).  
 
Although the RNAP/σ
70-like complex DNA-binding motif in P. ruminis appeared 
similar to that of E. coli, the activity of any given promoter would most likely vary 
between the species (Wosten et al., 1998). For example the manipulation of the C. 
proteoclasticum xynA gene promoter –35 element to resemble the E. coli consensus 
(TTGACA) decreased the production of xynA by 5 fold (Harley and Reynolds, 1987; 215 
 
Xue et al., 1997). However, it has been observed that some promoters that function in E. 
coli initiate transcription in some strains of P. ruminis and closely related species while 
being effectively inactive in others (C. Beard and K.Gregg unpublished). Interestingly, 
the activities of a promoter can also vary between species of the same genus. In 
Lactobacillus the level of gusA transcript from a single promoter varied 70-fold 
between different species (McCracken and Timms, 1999). It remains to be determined 
whether the promoters identified in this study would exhibit different activity levels in 
other strains of P. ruminis or B. fibrisolvens.  
 
The full extent of RNAP/σ
70-like DNA-binding motif conservation in P. ruminis 
remains unknown. Recognition specificity of RNAP complex has been shown to be 
directly related to genome A+T content (Morrison and Jaurin, 1990; Patek et al., 1996). 
Therefore conserved promoters are generally associated with high A+T genome content. 
Analysis of a total of 34 strains of Pseudobutyrivibrio ruminis and closely related 
species by Kopecny and associates (2003) determined the mean G+C content to range 
between 40 - 44 mol%, corresponding to A+T content between 56 – 60 mol%. This 
suggests that P. ruminis gene promoters could show greater levels of conservation, 
compared to those of low A+T-content organisms such as Streptomycetes (Strohl, 1992; 
Patek et al., 1996). 
 
In addition to regulatory protein binding sites related to gene promoters, a number of 
other potential binding sites were identified in P. ruminis, the identity and function of 
which are unknown. From the data obtained, it appeared that transcription attenuation 
did not play a major role in the expression of genes from the promoters examined in this 
study.  
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7.1.1 Results of Recent Studies 
Recently Asanuma and associates (2003) identified a gene promoter upstream of a gene 
coding a thiolase (thl) in P. sp. OB156. The thl transcription start site was determined 
using primer extension analysis, and the –35 and –10 elements of this gene promoter 
were defined as TTGAAA and TAGTAT respectively (Asanuma et al., 2003). Element 
compositions differed from the similar consensus sequences defined in this study, 
TTgacA and AtAATAta. In contrast to the consensus derived in this study, the –10 
element in the thl promoter was not extended to include an additional adenosine 
nucleotide upstream and downstream. However, the thl promoter elements only differ 
from the –35 and –10 element core hexamer consensus sequences identified in this 
study by one nucleotide each. In particular, the guanosine reported in the thl promoter –
10 element was not present in any of the promoters examined in this study. However, in 
general the thl promoter shared similar characteristics to those examined here, including 
an A+T rich region upstream of the –35 element (50 bp upstream of the –35 element 
contained 72 % A+T composition), presumedly corresponding to a UP element. Time 
did not permit integration of the thl promoter into the –35 and –10 element consensus 
sequence derived in this study.  
 
7.2 Promoter Strengths 
Promoter strength refers to the rate of transcription initiation. However, in this report 
the term "promoter strength" was used more broadly, to represent the amount of 
transcript produced from a promoter. This feature is affected by numerous extrinsic and 
intrinsic factors that compose a complex regulatory network mediating gene promotion. 
It was thought necessary to consider the various factors affecting gene promotion, for a 
more complete understanding of promoter activities in vivo. 217 
 
Promoter strengths, measured using assays of mRNA concentration and translational 
product concentration, did not correlate. This has been observed in numerous earlier 
studies (Maseda and Hoshino, 1995; Bannantine et al., 1997; Niehus et al., 2002; 
Glanemann et al., 2003; Rosado and Gage, 2003), and is likely a result of different 5’ 
untranslated regions (leader sequences; section 1.2.2.1) and / or rates of mRNA and 
protein clearance during the cell cycle. Making the assumption that mRNA levels were 
the most accurate measure of promoter strength, relative promoter strengths could not 
be directly related to the similarity of –10 and –35 elements to the consensus sequences. 
Again, similar results have been observed in other studies (Doree and Mulks, 2001) and 
may be due to the different contexts in which the –35 and –10 elements were contained 
within the promoter region.  
 
Overall assays measuring gusA mRNA and translation product levels both identified 
promoter 10 as the strongest of those examined in this study. 
 
7.3 Experimental Considerations 
7.3.1 Tools Developed 
The use of a promoter rescue plasmid was seen as a non-directed method of promoter 
isolation. Pseudorandom fragments of DNA were inserted upstream of the ermAM gene 
in a P. ruminis / E. coli shuttle vector. Transformed P. ruminis could survive on 
erythromycin plates, if the resistance gene was transcribed within 2-3 h post-
electroporation. It is likely that only a low level of ermAM gene expression is required 
to produce sufficient methylase to confer resistance to erythromycin (Weisblum, 1995), 
and it is unlikely that constitutive or highly expressed promoters were selected for using 
the promoter rescue plasmid approach to promoter isolation. However, it is likely that 218 
 
promoters active within the early stages of P. ruminis culture growth were preferentially 
selected. Indeed, all promoter sequences isolated in this study contained elements likely 
to bind the RNAP / housekeeping sigma factor complex. 
 
The sequencing of fragments from a gene library to identify potential promoters was 
seen as a semi-directed approach. Identification of potential promoters was based on the 
gene sequences and organization within the cloned fragments, which were identified by 
their homology to genes in other, better-characterized organisms. This approach was 
biased towards the isolation of promoters of genes that had been identified in other 
organisms. Using this method it was unlikely that gene promoters of previously 
uncharacterized genes would be isolated from P. ruminis. It is unknown whether P. 
ruminis contains unique gene organizations, which might require novel promoter 
structures and active RNAP molecules for transcription.  
 
7.3.2 Difficulties Cloning Rumen Bacterial DNA 
Characteristically, rumen bacteria have been difficult to manipulate for two reasons. 
First, the bacteria are often obligate anaerobes. This requires the maintenance of an 
anaerobic environment during all bacterial manipulations. Secondly, difficulties have 
frequently been experienced when cloning rumen bacterial DNA into plasmids (Howard 
and White, 1990; Gregg, 1992). The insertion of rumen bacterial DNA into E.coli 
plasmids has made them unstable (Gregg, 1989; Gregg, 1991). This appears not to be 
due to unusual methylation patterns, since similar experiments, involving pre-cloning 
into bacteriophage vectors and subsequent sub-cloning into plasmids, have also proved 
troublesome (Huang et al., 1989; White et al., 1990; Gregg, 1992). A high A+T content 
has been associated with genes that are hard to clone (Wosten et al., 1998). The high 
A+T content of P. ruminis DNA may partially account for the cloning difficulties.  219 
 
7.4 Future Studies 
A number of studies could be performed to examine the specific functional diversity of 
elements within P. ruminis gene promoters.  
 
Footprinting Studies 
To confirm the region of the gene promoter bound by RNA polymerase, the technique 
of DNase footprinting could be used. In this assay, the promoter region is protected 
from deoxyribnuclease digestion by the bound active RNA polymerase. It is not 
uncommon to use crude cellular protein extracts in footprint studies of promoter 
regions. However, non-specific DNA-protein interactions can occur, resulting in a an 
inaccurate footprint. To ensure an accurate footprint of promoter regions in P. ruminis, 
the native active RNA polymerase would have to be used. However, to date, no RNA 
polymerase or sigma factor proteins have been isolated from P. ruminis and the identity 
of other proteins that may be involved in gene expression remains unknown.  
 
Site Directed Mutagenesis of Promoters 
Importantly, future studies should examine the effect of individual promoter elements in 
a standard context. i.e. changing one particular aspect of a gene promoter, whilst 
keeping the composition of the surrounding DNA sequence constant for all mutants. 
This could include studies of: 
•  regulatory protein DNA-binding motifs 
•  UP element 
•  –35 and –10 elements 
•  downstream discriminator sequence 
•  initial transcribed sequence  
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The vectors developed in this study provide a useful tool for in vivo studies of site 
directed mutagenesis. 
 
Isolation of RNA Polymerase and Sigma Factors 
Future studies may involve the identification of RNA polymerase and sigma factor 
genes, and the proteins they encode. Two approaches may be used to achieve this:  
•  First, amplification of RNAP and sigma factor genes could be achieved, using 
degenerate primers derived from the DNA sequences of closely related organisms 
such as Clostridium acetobutylicum.  
•  Second, sequencing of the P. ruminis genome would be expected to allow 
identification of RNAP and sigma factor genes based on DNA homology to those of 
other, better characterized organisms.  
 
At the current state of research into P. ruminis, the former option would be more 
applicable. However, given that bacterial genome sequencing is becoming more 
common, it is likely that the P. ruminis genome could be sequenced within the next five 
years (pers. comm. Dr Philip Vercoe, Univeristy of Western Australia).  
 
Sequencing of the P. ruminis genome would greatly aid in the identification of gene 
promoters based on gene structure homology with other genomes. However, before the 
full power of genome technology can be applied, a comprehensive set of molecular 
tools needs to be developed for this organism. Specifically, this would include the 
construction of site directed transposons and suicide plasmids for their delivery, to 
allow the directed mutagenesis of the genome to test the function of predicted promoters 
in vivo. 
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Identification of Promoters That Bind Alternative Sigma Factors 
Sigma factors, other than the housekeeping sigma factor, are present in P. ruminis 
(Beard et al. 2000). Future studies may reveal what proportion of genes in P. ruminis 
are regulated by the housekeeping sigma factor, and what additional sigma factors 
might be present. The bacterium may possess a high number of sigma factors. For 
example, Streptomyces coelicolor has as many as 40 different ECF sigma factors (Gaal 
et al., 2001). Whilst alternatively, the bacterium may possess only a small number of 
sigma factors. For example, genome analysis of Mycoplasma pneuomoniae indicates 
that this organism contains only a single sigma factor (Weiner et al., 2000).  
 
To identify a diversity of gene promoters in P. ruminis, regulated by various sigma 
factors, the gusA gene could be used anaerobically as a reporter of promoter activity, 
independently of growth stage. This would require a vector in which the gene conferring 
antibiotic resistance, for selection of transformed bacteria, is expressed independently of 
the gusA reporter gene, such as pBGT developed in this study.  
 
 
Development of Molecular Tools 
From the tools developed in this study smaller P. ruminis / E. coli shuttle vectors could 
be constructed. The use of smaller vectors would allow the use of higher numbers of 
plasmids in transformation experiments, potentially increasing transformation 
efficiencies. The future identification of a promoter that is active in E. coli and P. 
ruminis may allow selection of both species using the kan
r gene. This gene was used in 
this study for selection of E. coli, and has been used previously in the broad host range 
plasmid pUB110 for selection in P. ruminis and closely related species (Gobius et al., 222 
 
2002). Unlike the vector pUB110, vectors developed in this study contain a native 
Pseudobutyrivibrio sp. rep gene and may produce higher plasmid copy numbers in vivo.  
 
Alternative Approaches to Promoter Identification 
Traditionally empirical methods have been favoured for promoter identification. 
However, as increased datasets become available, in silico analysis of genomes has 
becoming increasingly useful for identifying novel features in gene promoters, such as 
trends in DNA superstructure associated with gene promoters (Vanet et al., 2000; 
Petersen et al., 2003; Vogel et al., 2003). However, algorithmic approaches to pattern 
identification often require large amounts of background genetic information, which is 
currently unavailable for P. ruminis. Therefore, given the current knowledge of P. 
ruminis genetics an empirical approach was considered best for the identification of 
gene promoters. Nevertheless, there may be significant gains from in silico analysis, 
when more promoters have been characterized and the P. ruminis genome has been 
sequenced. 
 
Application of Novel Gene Promoters 
Lastly, strongly transcribed promoters isolated in this study could be used to increase 
the expression of commercially applicable genes in P. ruminis. For example, in relation 
to a project linked to this study, a strong promoter (promoter 10) may be used to 
increase fluoroacetate dehalogenase expression in recombinant P. ruminis.  
 
Improvement of Transformation Efficiencies 
Low transformation efficiencies meant that only small pools of promoter rescue 
plasmids, harboring potential gene promoters, could be transferred to P. ruminis at any 
one time. This was considered a barrier to the number of promoter rescue variants that 223 
 
could be screened for novel gene promoters. Increased transformation efficiencies 
greatly facilitate the rapidity of molecular biology research in P. ruminis, increasing the 
practicality of this and other studies. In particular, increased efficiencies would allow 
the use of suicide plasmid mediated transposon-directed genome mutagenesis, and 
studies of gene function in this bacterium. Future studies may focus on the re-
optimization of electroporation methods for Pseudobutyrivibrio species. This may 
involve investigation of the suitable methylation of transforming DNA (Chen et al., 
1996; Jennert et al., 2000), the addition of glycine to growth media prior to 
electroporation (Holo and Nes, 1989; Ito and Nagane, 2001), treatment of cells with 
mild muralytic agents (Scott and Rood, 1989), pre-incubation with low concentrations 
of the selective agent prior to selection to induce gene expression (Wu and Welker, 
1989; Tyurin et al., 2004) and re-optimization of electropulsing settings. 
 
7.5 Conclusion 
This study involved the development and implementation of molecular tools to isolate 
and characterize gene promoters from P. ruminis. The suitability of these vectors for 
transcriptional analyses was confirmed using reverse transcription PCR studies. 
Promoter elements were identified using an altered fluorescent primer extension 
technique, and their activities were examined using both mRNA and protein expression 
studies.  
 
These studies resulted in the identification of consensus motifs, likely to bind the RNAP 
/ housekeeping sigma factor complex of P. ruminis. The consensus active RNAP DNA-
binding motif constructed in this study was used to identify potential gene promoters in 
P. ruminis, resulting in the identification of an alternative xynA gene promoter.  224 
 
 
However, it was evident that promoter activities determined in this study were not only 
a function of promoter element similarity to active RNAP DNA-binding motifs, but also 
a function of their context. Future studies of active RNAP DNA-binding motifs would 
benefit from the examination of promoters in a standard context. However, to relate 
promoter structure to in vivo activity, an approach integrating basic promoter structure 
and context, with other factors regulating transcription is required.  
 
In general, gene promoter discovery, characterization and analyses are still a very active 
field. Atypical aspects of transcription initiation are still being identified in prokaryotes 
(Bayley et al., 2000; Weiner et al., 2000; Gaal et al., 2001). Novel structural properties 
of DNA are also being reported, with their affects on gene promotion remaining 
unknown (Vanet et al., 2000; Petersen et al., 2003; Vogel et al., 2003). Work on P. 
ruminis gene promoters particularly is still in it infancy and larger subsets of promoters 
are required to determine if the consensus sequences derived in this study are accurate. 
However, the results of this study provide a basis from which many interesting 
transcriptional studies can now be initiated. 
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Appendix 1 
 
 
Table A1 The International Union of Biochemists (IUB) codes for nucleotides. 
 
 
IUB Code  Expansion 
A Adenosine 
C Cytidine 
G Guanosine 
T Thymidine 
B  C, G, or T 
D  A, G, or T 
H  A, C, or T 
V  A, C, or G 
R  A or G 
Y  C or T 
K  G or T 
M  A or C 
S  G or C 
W  A or T 
N Any  base 
 
 
 
 
 
 
 
 
 
 
 
 